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Abstract

Many outstanding problems in quantum physics, such as high-T, superconduc-
tivity or quark confinement, are still — after decades of research — awaiting com-
monly accepted explanations. One reason is that such systems are often difficult
to control, show an intermingling of several effects, or are not easily accessible
to measurement. To arrive at a deeper understanding of the physics at work, re-
searchers typically derive simplified models designed to capture the most striking
phenomena of the system under consideration. However, due to the exponen-
tial complexity of Hilbert space, even some of the simplest of such models pose
formidable challenges to analytical and numerical calculations. In 1982, Feyn-
man proposed to solve such quantum models with experimental simulation on a
physically distinct, specifically engineered quantum system [Int. J. Theor. Phys.
21, 467]. Designed to be governed by the same underlying equations as the
original model, it is hoped that direct measurements on these so called quantum
simulators (QSs) will allow to gather deep insights into outstanding problems
of physics and beyond.

In this thesis, we identify four requirements that a useful QS has to fulfill,
relevance, control, reliability, and efficiency. Focusing on these, we review the
state of the art of two popular approaches, digital QSs (i.e., special purpose
quantum computers) and analog QSs (devices with always-on interactions).

Further, focusing on possibilities to increase control over QSs, we discuss a
scheme to engineer quantum correlations between mesoscopic numbers of spinful
particles in optical lattices. This technique, based on quantum polarization
spectroscopy, may be useful for state preparation and quantum information
protocols.

Additionally, employing several analytical and numerical methods for the cal-
culation of many-body ground states, we demonstrate the variety of condensed-
matter problems that can be attacked with QSs consisting of ultracold ions or
neutral atoms in optical lattices. The chosen examples, some of which have al-
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ready been realized in experiment, include such diverse settings as frustrated an-
tiferromagnetism, quantum phase transitions in exotic lattice geometries, topo-
logical insulators, non-Abelian gauge-fields, orbital order of ultracold Fermions,
and systems with long-range interactions. The experimental realization of all of
these models requires techniques which go beyond standard optical lattices, e.g.,
time-periodic driving of lattices with exotic geometry, loading ultracold atoms
into higher bands, or immersing trapped ions into an optical lattice. The chosen
models, motivated by important open questions of quantum physics, pose dif-
ficult problems for classical computers, but they may be amenable in the near
future to quantum simulation with ultracold atoms or ions.

While the experimental control over relevant models has increased dramati-
cally in the last years, the reliability and efficiency of QSs has received consid-
erably less attention. As a second important part of this thesis, we emphasize
the need to consider these aspects under realistic experimental conditions. We
discuss specific situations where terms that have typically been neglected in the
description of the QS introduce systematic errors and even lead to novel physics.
Further, we characterize in a generic example the influence of quenched disorder
on an analog QS. Its performance for simulating universal behavior near a quan-
tum phase transition seems satisfactory for low disorder. Moreover, our results
suggest a connection between the reliability and efficiency of a QS: it works less
reliable exactly in those interesting regimes where classical calculations are less
efficient.

If QSs fulfill all of our four requirements, they may revolutionize our ap-
proach to quantum-mechanical problems, allowing to solve the behavior of com-
plex Hamiltonians, and to design nano-scale materials and chemical compounds
from the ground up.



Resumen

Tras varias décadas de investigacion, algunos problemas fundamentales de la
fisica cuéntica, como la superconductividad de alta temperatura, o el confi-
namiento de los quarks, carecen de una explicaciéon cominmente aceptada. Esto
se debe en parte a la dificultad existente para controlar y medir estos sistemas.
Para lograr una comprension méas profunda, los investigadores han desarrollado
modelos simplificados, disenados para contener los fenémenos de mayor interés
en el sistema considerado. Sin embargo, debido a la complejidad exponencial
del espacio de Hilbert, incluso la resolucién de algunos de los modelos cudnticos
més simples plantea grandes retos para el calculo computacional o analitico. En
1982 [Int. J. Theor. Phys. 21, 467]|, Feynman propuso resolver estos modelos
mediante su simulacién experimental en otros sistemas cuanticos. Disenados
para regirse por las mismas ecuaciones que presentaba el modelo original, se
espera que la mediciéon directa de estos llamados simuladores cuanticos (SC)
lleve a profundizar en la comprensién de algunos de los grandes problemas de
la mecéanica cuéntica.

En la presente tesis doctoral, identificamos cuatro requisitos que debe cumplir
un SC para que sea util: relevancia, controlabilidad, fiabilidad, y eficiencia. Cen-
trandonos en estos, examinaremos lo mas puntero de dos enfoques distintos: SC
digitales y analogicos.

Considerando posibilidades de aumentar la controlabilidad sobre los SC, pro-
ponemos un sistema para establecer, via espectroscopia cuantica de polarizacion,
correlaciones cudnticas entre un nimero mesoscopico de particulas con espin en
redes oOpticas. Esta técnica podria ser tutil en la generacién de estados, o en
protocolos de informacién cuéntica.

Por otra parte, mostraremos la gran variedad de problemas en materia con-
densada que se pueden atacar mediante SCs de dtomos en redes Opticas o iones
atrapados, calculando estados fundamentales de sistemas de muchos cuerpos
mediante varios métodos analiticos y numéricos. Los ejemplos escogidos, al-
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gunos ya realizados experimentalmente, incluyen escenarios diversos como el
antiferromagnetismo frustrado, las transiciones de fase cuanticas en geometrias
exoéticas, los aislantes cuanticos, las redes gauge no abelianas, el orden orbital
de fermiones ultrafrios y sistemas con interacciones de largo alcance. La real-
izacién experimental de estos modelos requiere técnicas més alla de las estandar
en redes 6pticas empleando, por ejemplo, modulaciones periédicas en el tiempo
de redes de geometria exdtica, atomos ultrafrios en bandas excitadas, o iones
atrapados sumergidos en redes 6pticas. Los modelos considerados, sugeridos por
importantes problemas abiertos en fisica cuéntica, a pesar de ser dificilmente
resolubles para los ordenadores clasicos, podrian ser facilmente simulables a
nivel cuantico en un futuro cercano, usando atomos ultrafrios o iones.

Pese a que el grado de control alcanzado sobre modelos importantes ha in-
crementado de forma dramética en los dltimos anos, la fiabilidad y eficiencia de
los SCs ha gozado significativamente de menos atencién. Para la segunda parte
importante de esta tesis subrayaremos la necesidad de considerar los aspectos
mencionados bajo condiciones experimentales realistas. En este contexto, estu-
diaremos situaciones especificas donde algunos términos que habian sido pasados
por alto en la literatura previa pueden cobrar importancia. Posteriormente, car-
acterizaremos en un ejemplo genérico la influencia del desorden en los resultados
de un SC analégico. Mas atun, nuestros resultados sugieren una conexién entre
la fiabilidad y la eficiencia en un SC: es menos fiable exactamente en aquellos
regimenes donde las simulaciones cldsicas son menos eficientes.

Si pudieran satisfacer nuestros cuatro requisitos, SCs podrian revolucionar
el enfoque a problemas en mecénica cuantica, permitiéndonos calcular el com-
portamiento de hamiltonianos complejos asi como disenar nano materiales y
compuestos quimicos de gran versadilidad.
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Part 1

Quantum Simulators —
Background and Foundations






In a vast variety of different contexts, simulations have been used to learn
something that otherwise would be unaccessible to human knowledge. Impor-
tant examples include factory building, product design, complex networks of
computers or social agents, national economies, and even entire societies. But
even certain aspects of such ordinary things as using training wheels on a bicycle
can be understood as a simulation — in this case, a simulation of actually riding
a bicycle, but under better-controlled and safer conditions. In general terms,

Simulation is the process of designing a model of a real or imagined
system and conducting experiments with that model. The purpose of
simulation experiments is to understand the behavior of the system
or evaluate strategies for the operation of the system.

— Encyclopedia of Computer Science [T

For the simulation to be useful, it should be more practical than the real
system. Often it offers a safer experimental environment, as for example when
letting a pilot train on a land-based device before operating a real airplane
(Fig. [Th). In other cases, the simulator permits to reduce costs in terms of
capital or time, as happens for example when using wind tunnel measurements
on a model plane (Fig. [lp) to decide the necessary dimensions and shape before
building a real airplane. In the case of quantum mechanics, simulations deliver,
e.g., solutions to problems from high-energy physics, where experiments on real
systems typically require huge accelerators, and they widen our understanding
of extraterrestrial objects such as neutron stars, which would be impossible to
investigate under laboratory conditions.

However, since the simulation should simplify things, by its very definition
it has to be an approximation. This implies that for all practical implementa-
tions, one first has to derive a model which describes the system to sufficient
accuracy, as is already expressed in the definition given above. Finding the rel-
evant, aspects of the system that have to be included in the model is an art, as
the simulator can only answer the questions it is built for, and precisely what
“relevant” means depends on which properties of the simulated system one is
interested in. For instance, for the purpose of simulating a low-gravity environ-
ment, a water tank is adequate (Fig. ), but not to reproduce the low-pressure
aspects of space. As an important example in the context of quantum mechan-
ics, the Standard Model of particle physics has been extremely successful since
the mid 1970s. In particular, the experimental discovery of various predicted
particles, such as the W and Z bosons, several quarks, the tau neutrino, and —
very recently — possibly the Higgs boson [2] 8] have confirmed its great predictive



Figure 1: Simulators for problems from aviation and aeronautics. (a)
The first known flight simulator. In this simulator for the Antoinette
monoplane from 1909, two wheels allowed a would-be pilot to familiarize him-
/herself with the steers for pitch and roll. Assistants outside would move the
device in response to the pilot’s use of the steers. (b) Modern NASA wind
tunnel with the model of a plane. Wind tunnels are based on the insight
that an object flying through air is physically the same as the air flowing around
the object. Using, e.g., the relationships between their Reynolds numbers,
experiments made on small model planes can thus be translated to real-scale
airplanes. (c) Water tank simulator for low-gravity environments. The
buoyant force of water reduces the effects of gravity, such that astronauts can
train for the difficult environment outside of a space shuttle or space station.
(Pictures from http://en.wikipedia.org.)



power. It does not, however, contain satisfactory explanations for dark matter
and dark energy, which amount to 96% of the mass-energy of the known uni-
verse. Eventually, its range of validity can only be determined by experiment,
which thus remains the final arbiter.

From the practical point of view, the simplest possible model (i.e., which
still displays the phenomenon one is interested in) is easiest to implement. Find-
ing this “optimal model” has, however, also fundamental implications; with it
one often has also identified the necessary ingredients for a given phenomenon.
For instance, if it can be confirmed that the Fermi—-Hubbard model shares the
superconducting properties of cuprates [4, [5], one may assume that one has
discovered the mechanism behind high-7, superconductivity.

In physics, these abstract models are expressed in the language of mathe-
matics, and the task of simulation reduces to solving the equations describing
the model. When thinking about such a simulation, at least as a scientist sit-
ting for large periods in front of a computer screen, one tends to immediately
think about “computer simulation.” However, wind tunnels, flight simulators,
or low-gravity water tanks (Fig. [1)) are only some examples for simulation de-
vices which are not based on a classical computer but on a physical system.
Such physical implementations are used if a human operator has to be present
because he needs to learn how to act in a new situation; in that case mathemat-
ical descriptions may not be necessary, but the simulator has still to be a model
setup of some sort. A physical implementation can also be advantageous if the
model is too hard to be solved on a classical computer, as is the case in airplane
design due to the difficulty of solving the equations of fluid dynamics. This
problem also occurs in quantum mechanics, where the exponential complexity
of Hilbert space makes exact calculations practically impossible for all but the
simplest systems.

To solve the complex models appearing in quantum many-body physics,
Richard Feynman suggested in his 1982 foundational article [6] to use specially-
designed physical devices, which have now become known under the name quan-
tum simulator (QS). His fundamental insight was that, in order to tackle the
complexity of quantum-mechanical problems, the simulator itself has to be gov-
erned by the laws of quantum mechanics. Following this idea, by designing a
well-controlled system from the bottom up, one could create a computer whose
constituent parts are governed by quantum dynamics generated by a desired
Hamiltonian. Measuring the properties of this nano-engineered system would
then reveal some unknown or difficult to compute properties of a quantum many-
body model, such as the nature of quantum phase diagrams. This way, insight
may be gathered into many outstanding problems in physics and beyond, such as



high-T, superconductivity or quark confinement, which are still not completely
understood after decades of research (and in the case of high-T,. superconduc-
tivity, more than 100,000 publications). Under these prospects, scientists are
envisioning a world where special-purpose QSs are readily available at research
facilities, allowing to solve complex Hamiltonians or design nano-materials from
the ground up.

In the rest of this preparatory part, we describe the general idea of quan-
tum simulation and propose a concise definition (Sec. , consisting of four
parts — relevance, control, efficiency, and reliability. In particular, this defini-
tion identifies an important (and only recently recognized) stepping stone that
quantum simulation has to reach, namely the assurance of its reliability and
possibilities for its validation. We will later discuss this issue in more detail
on a few concrete examples (Part [[TI). In Secs. and we review two
different conceptual approaches for QSs, namely digital and analog ones. In
Chapter [2] we describe possible implementations of analog quantum simulators
with trapped ions and ultracold atoms in optical lattices. The latter are to date
maybe the best-developed quantum-simulation architecture. In Part [[I, we will
discuss some of our recent proposals for quantum simulations relying on these
architectures. Here, we focus in particular on new avenues opened by techniques
that go beyond standard optical lattices. Technical details of our calculations
are largely delegated to Part[[V] The examples discussed in Part[[Iare intended
to give an overview of the wealth of exotic effects which may be amenable to
quantum simulation.



Chapter 1

Theoretical considerations

Fueled by the prospect of solving a broad range of long-standing problems in
strongly-correlated systems, the tools to design, build, and implement quantum
simulators (QSs) [6H8] have rapidly developed and are now reaching sophisti-
cated levels, to such an extent that the journal Science appreciated the recent
evolution of QSs as a scientific breakthrough of the year 2010 [9]. Researchers are
making ground-breaking advances in quantum control of a variety of systems,
including ultracold atoms and molecules (see Sec. , ions (see Sec. , pho-
tons, circuit quantum electrodynamics (CQED) and polaritons, artificial lattices
in solid state, nuclear magnetic resonance (NMR) systems, and superconducting
qubits. Some references for recent reviews and current breakthroughs, illustrat-
ing the progress in the field, can be found in Table [[.I}] At the current pace,
it is expected that we will soon reach the ability to finely control many-body
systems whose description is outside the reach of a classical computer. For ex-
ample, modeling interesting physics associated with a quantum system involving
50 spin-1/2 particles — whose general description requires 2°° ~ 10'® complex
numbers — is out of the reach of current classical supercomputers, but perhaps
within the grasp of a QS.

In a field brimming with excitement, it is important to critically examine
such high expectations, as we pointed out in Refs. [61] 62]. Real-world imple-
mentations of a QS will always face experimental imperfections, such as noise
due to finite precision instruments and interactions with the environment. Feyn-
man’s QS is often considered as a fundamentally analog device, in the sense that
all operations are carried out continuously. However, while in a digital device
external perturbations have to achieve a certain strength to introduce an er-
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QS architecture current breakthroughs  recent reviews
ultracold atoms and molecules  [10H23] [24H26]

ions [27H33] [34-36]
photons [37H-41] [42]

CQED and polaritons [43-47] [48]

artificial lattices in solid state [49]

NMR systems [50H53]

superconducting qubits 54, 53] [56-59]

Table 1.1: Common QS architectures with references for recent break-
throughs and reviews. For a general overview see the strategic report [60].

ror (for example, to flip a classical bit typically a mesoscopic magnetization or
charge has to be changed), errors in an analog device, even small ones, can
propagate and multiply uncontrollably [63]. Indeed, Landauer, a pioneer of
the physics of information, questioned whether quantum coherence was truly a
powerful resource for computation because it required a continuum of possible
superposition states that were “analog” in nature [64].

This contrasts with the operation of a universal digital quantum computer
as envisioned by David Deutsch, in which all operations are digitized into a
finite set of logic gates and measurements [65]E| The invention of quantum-
error-correcting codes showed that a quantum computer is in some sense both
analog and digital. Through a discrete set of unitary transformations, we can get
arbitrarily close to any superposition, and imperfections can always be projected
on a discrete set and thus can be corrected [66]. When such a digital quantum
simulation operates with fault-tolerant quantum error correction [67], we can
trust its output to a known finite precision.

Universal digital quantum computers may serve as digital QSs (DQSs) that
mimic dynamics of some quantum many-body system of interest. While in
such a case error correction and fault tolerance is guaranteed, the question of

We use the notion of digital QS in this sense, i.e., the digitization of operations, not in
the sense of digits of precision. In particular, the outcome of an analog QS will also yield only
a finite digital precision, but its operations are performed continuously.
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efficiency of such a device is highly non-trivial. The number of resources needed
for precise simulation of continuous-time dynamics of a many-body system by
stroboscopic digital applications of local gates might be enormous [68]. One can
also consider DQSs that are experimental systems that have at their disposal
only alimited, non-universal set of gates. In such a situation, the error correction
and fault tolerance are not guaranteed and the question of efficiency is even more
pertinent.

This raises one central problem of this thesis: can we trust the results ob-
tained with a real-world QS, and under what conditions are they reliable to a
known degree of uncertainty? Although this thesis concentrates on analog QSs
(AQSs), we report also on the state of art of DQSs.

The rest of this chapter is organized as follows. Section develops the
general concept of QSs. In the spirit of the DiVincenzo criteria for quantum
computing [69], we present one of the main points of this chapter, a defini-
tion of the QS based on four indispensable properties: relevance, controllability,
reliability, and efficiency. Section is devoted exclusively to DQSs. It con-
tains several subsections in which we review various proposals for DQSs, classify
them, and discuss the present state of knowledge concerning their controllabil-
ity, reliability, and efficiency. Section [1.3|is organized similarly, but focused on
AQSs.

The considerations of this chapter, together with the numerical results of
Chapter which serve to illustrate the need for a careful analysis of the influ-
ence of imperfections in a real-world QS, can be found in the article [61].

1.1 Definition of a quantum simulator

Before proceeding, we must establish a clear definition of a QS. Following the
considerations on p. we consider here a QS to be a device which, when mea-
sured, reveals features of an ideal mathematical model, e.g., the phase diagram
for the Bose-Hubbard model on a specified lattice with specified interactions.
A QS may be a special purpose device that simulates a limited class of models,
e.g., the Bose-Hubbard model simulated by atom transport in an optical lat-
tice [TOHT2] (see Sec. , or a universal machine that is capable, in principle,
of simulating any Hamiltonian on a finite-dimensional Hilbert space.

In the spirit of the DiVincenzo criteria for quantum computing [69], we for-
mulate the following “working” definition of a QS, consisting in its core of a
few minimal conditions a QS should fulfill. We will provide some more detailed
explanations below (see also the recent book [§]):
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Definition

A quantum simulator is a quantum-mechanical, experimental system that mim-
ics a simple model, or a family of simple models of quantum mechanical origin,
such as from condensed matter physics, high energy physics, or quantum chem-
istry.

A useful quantum simulator should fulfill the following four requirements:

e (a) Relevance: The simulated models should be of some relevance for
applications and /or our understanding of challenges in physics and related
fields.

e (b) Controllability: A QS should allow for broad control of the param-
eters of the simulated model, for control of initialization and evolution of
the system, and for detection of the relevant observables.

e (c) Reliability: Within some prescribed error, one should be assured
that the observed physics of the QS corresponds faithfully to that of the
ideal model whose properties we seek to understand.

e (d) Efficiency: The QS should solve problems more efficiently than
is practically possible on a classical computer. (Although it may be of
interest to have a QS realizing a model that is classically computable but
not accessible or realized in nature.)

In the next two sections, we characterize the state-of-the-art knowledge con-
cerning these four points of our definition for different types of QSs. But before
that, we would like to add a few general remarks. These will in particular
show that the requirements (c) and (d), which have been largely neglected until
recently, have strong connections to each other and the other requirements.

The requirements (a) to (c) are general and can be demanded of any simula-
tor. For the examples of Fig.|ljon p. [4} (a) Direct tests on airplanes or in space
are expensive and dangerous, making simpler system necessary that can be ma-
nipulated without risk and at reduced cost. (b) Flight simulators allow relevant
operations such as adjusting speed and height, and similar considerations hold
for the simulation of outer space in water tanks. Wind tunnels allow to simulate
different air speeds and measurement of flow (visualized with smoke) as well as
forces and moments (for these, the model plane is typically mounted on a force
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balance). (c) In the wind tunnel, error bars on air speed, force measurements,
and the dimensions of the model plane have to be precisely known. For the
flight simulator or the water tank, the conditions in the simulator have to be
realistic enough to prepare the operator adequately (although in these cases the
lack of a mathematical model does not allow to give precise error bars).

For the QS, we only made two additions to these requirements. First, in
order to solve quantum-mechanical problems, the QS has to be of quantum-
mechanical origin. Second, per requirement (d), it has to be more efficient
than what can be done on a classical computer. Else, we cannot justify the
experimental effort and the large cost for building the QS. Hence, (d) is also a
necessary condition for (a): demanding that the mimicked models solve open
problems also implies that these cannot be solved by other means, i.e., they
should be computationally hard for classical computers.

This notion of “computationally hard for classical computers” may have sev-
eral meanings: (i) an efficient (scalable, with polynomial growth in resources
as a function of problem size) classical algorithm to simulate the model might
not exist, or might not be known; (ii) the efficient scalable algorithm is known,
but the required size of the simulated model is too large to be simulated under
reasonable time and memory restrictions. However, there might be exceptions
to the general rules. For instance, it is desirable to realize QSs to simulate
and to observe novel phenomena that so far are only theoretically predicted,
even though it might be possible to simulate these phenomena efficiently with
present computers. Simulating and actually observing in the lab is more than
just simulating abstractly on a computer.

To understand better under which situations a QS may work more efficiently
than a classical computer, we now discuss shortly which systems can be sim-
ulated efficiently classically and which ones cannot. Generally speaking, an
important set of tasks for a QS includes

1. Statics of the mimicked system at zero temperature; this implies simula-
tion of ground states and their properties.

2. Statics at thermal equilibrium, ¢.e., Hamiltonian dynamics at low energies
or thermodynamics at non-zero, typically low, temperatures.

3. Continuous-time dynamics of the system, in particular Hamiltonian dy-
namics out of equilibrium.

4. Dissipative or open-system continuous-time dynamics.
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Classical simulations of quantum systems are currently performed using one
of the following numerical methods (see also Part [TV] of this thesis or the book
by Lewenstein, Sanpera, and Ahufinger [g]):

e Quantum Monte Carlo (QMC)
e Systematic perturbation theory
e Exact diagonalizations

e Variational methods, such as mean field methods, density-functional the-
ory (DFT), dynamical mean-field theory (DMFT), tensor-network states
(TNS), density-matrix renormalization group (DMRG), tree tensor net-
work states (TTN), multiscale entanglement-renormalization Ansatz (MERA),
projected entangled-pairs states (PEPS), ...

Each of these methods has its limitations. Let us first focus on points 1 and 2
of the previous list of possible QS tasks. In those cases, QMC works for vari-
ous large systems, but fails for Fermi or frustrated systems due to the famous
sign problem [73]. Perturbation theory works only if there exists a small ex-
pansion parameter. Exact diagonalization (ED) works only for small systems
(see Chapter . In the case of 1D systems, there are special cases which can
be solved exactly via the Jordan—-Wigner transform (see Chapter or the
Bethe Ansatz [74]. For the other one-dimensional cases, DMRG, MERA, and
TTN techniques (see Chapter scale favorably and can, in principle, treat
very large systems [75H77]. In 2D the situation is more complex — similar to ED,
DMRG and TTN work only for reasonably small systems [(8-80], whereas 2D
tensor-network methods (PEPS, MERA) in principle work for arbitrarily big
systems (bosonic, and even fermionic [81] or frustrated [82]) but are biased to-
wards slightly entangled states. Mean field [83] (see Chapter [L3), DFT [84} 85],
or DMFT [86], finally, have other limitations. For instance, they are essentially
designed for weakly-correlated systems.

As a side remark, in part due to this computational complexity, 2D is often
the most interesting case. In 1D, many systems can be solved efficiently nu-
merically, and often there are even no phase transitions (which happens if the
“lower critical dimension” is 1D). For large dimension (i.e., larger than or equal
to the “upper critical dimension”, which can be as low as 4D) mean-field theo-
ries become exact in the thermodynamic limit. It is only between these critical
dimensions that “interesting” physics happens, and since many parameters scale
as the inverse of the dimension, 2D is often the most interesting situation. For
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this reason, the systems treated further on in this thesis will be mainly in two
dimensions.

Which are then the models that are computationally hard for points 1 and 2
in the previous task list? Generally speaking, computationally hard are “strongly
entangled” models in more than 1D such as

e Fermionic models, with paradigmatic examples being the Fermi-Hubbard
[87] or t — J models for spin 1/2 fermions [4].

e Frustrated models, with paradigmatic examples being antiferromagnetic
(AFM) Heisenberg or XY models on a kagome or anisotropic triangular
lattice (Chapter [3).

e Disordered models, with paradigmatic models being quantum, or even
classical spin glasses [88].

For points 1 and 2, currently available QSs are typically not yet able to out-
perform classical computations. For example, in the temperature regimes of
current experiments, the Fermi—Hubbard model can be simulated classically
by high-temperature expansion [13]. However, as soon as experiments achieve
lower temperatures, this will cease to work and problems of fermionic simula-
tions (such as the sign problem in QMC [73]) will become relevant. In this
light, we may hope that soon QSs will be able to outperform classical comput-
ers for points 1 and 2 of the tasks list, although recent efforts in variational
Monte Carlo [89] and fermionic tensor networks [90-94] are rapidly providing
ever better variational approximations.

When we move to points 3 and 4 of the task list, i.e., studying dynamics,
we can safely state that

e Quantum dynamics on a long time scale is generally computationally hard.

The latter statement implies that while it might be possible to simulate with
classical computers short-time dynamics in a restricted class of 1D models, such
attempts will nearly always fail at longer time scales. This fact is related to cor-
relation and entanglement spreading according to the Lieb—Robinson theorem
that states that, after a sufficiently long evolution, states can become strongly
entangled ([95HI00], see also the review [I01]). Recently, this complexity led to
the demonstration that a QS can outperform even the most sophisticated, state-
of-the-art classical algorithms: in an experiment based on ultracold bosonic
atoms, the controlled dynamics ran for longer times than present classical algo-
rithms based on DMRG could efficiently keep track of [19].
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Finally, the requirement of efficiency is interrelated with the reliability of a
quantum simulator. In fact, we could try to improve the precision of a QS by
averaging more experiments, but in hypersensitive regimes (like close to quan-
tum phase transitions) the necessary number of repetitions can grow rapidly,
possibly bringing the overall efficiency of the QS down to the level of classical
computers. A connection between (c) and (d) could also be relevant for cross
validation [102]. In this popular approach, it has been proposed to compare the
results of two different physical realizations performing a quantum simulation
of the same model. From this, one hopes to find universal features which then
would be ascribed to the simulated model. It may be, however, that the uni-
versal features shared by multiple platforms are robust only because they could
have been predicted efficiently with some classical algorithm. Or, even worse,
because they are associated to imperfections which affect the different QSs in
the same way (such as the emergence of Griffith’s phases [103] or the change of
the order quantum phase transitions [I04] due to disorder).

The necessity of validation also connects requirement (c) to (d). In fact, one
would like to require sufficient control over model parameters to be able to set
them in a regime where the model becomes tractable by classical simulations.
Comparing the results from both approaches provides an elementary instance
of validating the QS. Furthermore, an important idea proposed and analyzed
in Ref. [61] (see also Ref. [62]) is a more sophisticated manner of validation,
namely the checking of the sensitivity of the quantum simulation with respect
to addition of noise and/or disorder. Such a consistency check, which is only
possible with sufficient control over the system, may allow to provide error
bounds and in some cases even an extrapolation of relevant observables to the
ideal, imperfection-free case.

Note, however, that there are alternative possibilities for a partial validation,
as pointed out to us by Z. Hadzibabic [105]. Namely, in some situations where
it is impossible to simulate the system classically, it might still be possible to
test by classical means the sensibleness of the quantum-simulation results. As
a trivial example, the measured ground-state energy should fulfill all known
bounds, such as variational ones, and others.

Up to here, our remarks concerning the four requirements (a-d) of our defi-
nition were of quite general nature, without invoking a specific implementation
of the QS. In the following two sections, we explore — first for digital, then for
analog QSs — the state of the art concerning (b-d) in more detaﬂﬂ

2Since the relevance (a) depends on the concrete model (and, indeed, the individual taste),
we do not go into much detail here.



1.2 Digital quantum simulators (DQS) 15

1.2 Digital quantum simulators (DQS)

In this section, we classify DQSs, discuss their general properties, various proto-
cols for implementing such devices, and summarize state-of-the-art knowledge
concerning their controllability, reliability, and efficiency.

1.2.1 Universal digital quantum simulators (UDQS)

While the concept of QSs should be traced back to the proposal by Feynman [6],
these ideas were made concrete by Seth Lloyd who showed that any local many-
body unitary evolution governed by a local Hamiltonian could be implemented
by the control afforded by a universal digital quantum computer [106]. For this
reason, in the following we will term Lloyd’s DQS a “universal DQS” (UDQS).
In order to realize it in a laboratory, an experimentalist has to have to his/her
disposal a universal set of unitary quantum gates.

The task of a UDQS is to simulate the unitary time-evolution operator of
a desired quantum system, which can then be employed to extract quantities
like energy gaps and ground-state properties. The action of the global, unitary,
continuous-time evolution operator is mimicked by appropriate stroboscopic ap-
plications of various quantum gates. The mathematical basis for such a digital-
ization is given by the Trotter—Suzuki formula. Let us list below some possible
realizations and properties of UDQSs:

Realizations: While implementation of a fully-functioning large-scale digital
quantum computer is still in development, there are several physical systems
for which universal sets of quantum gates are available, and for which proof-
of-principle UDQSs exist. These systems include ultracold ions [36], ultracold
trapped atoms interacting via cold collisions [26] or the Rydberg-blockade mech-
anism [I07], CQED [108], and superconducting qubits. The first concrete pro-
posals for realizations of UDQSs where given in Refs. [109] 110], and first ex-
periments were performed in NMR systems [50H52]. Using a digital trapped-ion
architecture with a stroboscopic sequence of gates, the quantum simulation of
Ising, XY, and XYZ spin models in a transverse field was recently demonstrated
in a proof-of-principle experiment with up to six ions [30].

Controllability: In accordance with Lloyd’s pioneering work [106], with the
help of a universal set of gates a UDQS is perfectly controllable. This control
allows for simulation of practically any local Hamiltonian evolution, as well as
for the preparation, manipulation, and detection of relevant states and observ-
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ables of the system in question. Recently, Preskill’s group has also proven that
the scattering amplitudes in simple relativistic quantum field theories can be
efficiently (in polynomial time) simulated by UDQSs [111} 112] (see also the
Perspectives article [62]). Note, however, that not much is known about the
possibility to quantum simulate, using UDQSs, systems with long-range inter-
actions like Coulomb or dipole—dipole interactions.

Reliability: A UDQS is the only DQS which has guaranteed access to error
correction and fault tolerance [I13] 114] (for the first proof-of-principle experi-
ments see Refs. [55, T15H119]).

Efficiency without errors: So far, the community has mostly focused on
developing requirement (b), control, for suitable relevant models, both theoreti-
cally and experimentally. The conditions (c), reliability, and (d), efficiency, have
received considerably less attention, especially their interrelation. Most work
that has been done is focused on efficiency in the absence of errors. For this case,
Lloyd showed that a Trotter—Suzuki decomposition of a time-evolution operator
is efficient in the sense that each logic gate acts on a scalable Hilbert space
associated with a small subset of qubits and the total number of gates N, scales
polynomially, N, ~ 72 /e, where 7 is the time of evolution to be simulated and ¢
is the error in the result [I06]. Aharanov and Ta-Shma showed that a UDQS is
efficient when the Hamiltonian is “sparse,” i.e., the number of nonzero entries
in any row is at most poly(log(D)), where D is the dimension of the many-body
Hilbert space [120]. In the absence of errors, the computational complexity of
such a simulation has been well studied [121], 122].

Efficiency in the presence of errors: In the presence of errors, however, en-
suring reliability to a desired precision has profound implications for efficiency
even in a UDQS on a fault-tolerant quantum computer [68, 123]. In the digital
approach with a finite universal gate set, one applies error-correction schemes
that can make the whole computation fault-tolerant when the error per opera-
tion is below a certain threshold — thus UDQSs fulfill the reliability requirement
(c). The Trotter expansion, however, can scale poorly when error correction
is included, as emphasized by Brown et al. [68]. For a given error e, associ-
ated to b = —log,(€e) bits of precision, the number of gates in the expansion
scales as ~ 1/e, which corresponds to a scaling as ~ 2°. Hence, in terms of the
required degree of precision b, in the presence of errors fault-tolerant imple-
mentation of this Trotter expansion grows exponentially in the number of gates
and the time to perform the simulation. Moreover, Brown et al. showed that
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for a small number of qubits where one might avoid error correction, analog
control errors on the logic gates can lead to faulty results, negating require-
ment (c), and robust control pulses become essential. In a similar vein, Clark
et al. [124] performed a careful analysis of the resources necessary to implement
the Abrams—Lloyd algorithm [125] to calculate the ground-state energy of the
1D transverse Ising model on a state-of-the-art fault-tolerant ion-trap quantum
computer. Again, the overhead in the number of time steps to fault-tolerantly
implement the quantum-phase estimation algorithm grows exponentially with
the degree of precision required. Assuming realistic values for gate times and
failure probabilities, they found that for 100 spins, in order to achieve b > 10
bits of precision, at least two levels of concatenated error correction are neces-
sary, requiring at least 100 days of run time on the ion-trap quantum computer;
for b > 18, three levels are necessary, requiring at least 7.5 x 10% years! On the
up-side, for a fixed precision, the growth of the number of resources with system
size is only weak.

1.2.2 Non-universal digital quantum simulators
(nUDQS)

A non-universal DQS (nUDQS) is in many aspects similar to a UDQS, except
that it is a special-purpose quantum computer with a restricted, non-universal
set of unitary quantum gates. This may appear, for example, in situations where
it is experimentally simpler to design a setup for a specific quantum simulation
which does not require a full universal set of gates. The task of a nUDQS is the
same as that of a UDQS: to simulate real- or imaginary-time quantum many-
body dynamics of a certain quantum system described by a certain Hamiltonian.
Let us list below some properties and possible realizations of such a nUDQS:

Realizations: In all systems in which the universal sets of quantum gates
are available, one can also restrict the set of gates and realize a nUDSQ. For
example, in some of the recent experiments of the Blatt group [30], only a nec-
essary subset of the available set of universal gates was used. All of the systems
discussed above (atomic, superconducting, etc.) are potentially platforms for
implementing nUDQSs. A seminal example of this approach goes back to the
so-called “Average Hamiltonian Theory” in NMR [126] 127].

Controllability: nUDQSs are typically not perfectly controllable. Still, in
most experimental realizations they should allow for a wide control of parame-
ters, which in turn should allow for simulations of wide families of Hamiltonians
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of interest.

Error correction: For nUDQSs, it is not guaranteed that error correction and
fault-tolerant computing is possible.

Efficiency and reliability: All of the above discussion concerning UDQSs
applies also to nUDQSs. But there are many novel, open problems associated
specifically with nUDQSs, since, e.g., sometimes giving up on universality may
result in substantial efficiency gains. For example, universality could be sacri-
ficed in favor of a highly precise and fast gate (a simple example is an external
homogeneous field such as used in the experiments of Lanyon and coworkers [30],
which in a UDQS might have to be applied as a sequence of one-qubit gates).
In particular, it is possible that for some classes of nUDQSs the problems of
Trotterization are not as severe as in the case of UDQSs [107].

1.2.3 Open-system digital quantum simulators (OSDQS)

An open-system DQS (OSDQS) is quite a new concept. In contrast to DQSs
aimed at Hamiltonian evolutions, OSDQSs are designed to simulate open-system,
dissipative dynamics described in the simplest situation by a Markovian Lind-
blad master equation for the density matrix of a many-body system of interest.
OSDQSs can be aimed at continuous-time simulation of open-system dynam-
ics, or at a designed dissipative dynamics toward a specific stationary state, in
particular a pure, highly-entangled state [128HI30].

The experimentalist who realizes an OSDQS, in contrast to a Hamiltonian
DQS, needs to have at his/her disposal some non-unitary, dissipative quantum
gates, which mathematically correspond to Lindblad super-operators acting on
the density matrix in the master equation. This fact opens a plethora of new
questions. For example, while the conditions for controllability of an open quan-
tum systems are under exploration [I31], it remains an open question what the
universal sets of gates for this type of evolution are. In the case of unitary
computing, the universal set of gates allows for realization of arbitrary unitary
transformations acting on the (pure) state of the system. In the case of open-
system dynamics, a universal set of gates should allow for the realization of
an arbitrary completely positive map (CPM) acting on the density matrix of a
system. The problem of error correction in this context is unsolved as well. As
these examples indicate, in the area of OSDQSs there are more open questions
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than answers.

Realizations: In all systems in which the universal sets of quantum gates are
available, typically one can also realize dissipative gates by tracing out ancillas
and realize in this way an OSDQS. While the first concrete proposals for open-
system DQS concerned Rydberg gates [I07], the first experimental realizations
have been achieved with trapped ions [31]. Good alternatives seem to be atomic
ensembles or NMR, [132].

Controllability: OSDQSs are typically not universal in the sense of achiev-
ing an arbitrary quantum map. Nevertheless many experimental realizations
should allow for a wide control of parameters, which in turn should allow for
simulations of open-system (Markovian) evolutions for wide families of open
systems. As pointed out in Refs. [129, 130], due to the purely dissipative na-
ture of the process, this way of doing quantum information processing exhibits
some inherent robustness and defies some of the DiVincenzo criteria for quan-
tum computation. In particular, there is a natural class of problems that can
be solved by open-system DQSs or AQSs: the preparation of ground states of
frustration-free quantum Hamiltonians.

Error correction: For OSDQSs, it is not known if error correction and fault-
tolerant computing is possible as for a UDQS. In fact, the standard schemes
for error correction assume that the quantum computer (i.e., DQS) follows a
unitary evolution, i.e., dissipation and decoherence are considered as sources
of errors, which the error correction is supposed to remove. To our knowledge,
there are no works where these are considered as desired, so that error correction
is supposed to restore imperfect implementations of them. However, due to the
purely dissipative nature of the process, this type of simulation has a certain
intrinsic robustness and built-in “error correction.” An example can be found in
the OSDQS implementation of Kitaev’s toric code [31], 107].

Efficiency and reliability: All of the above discussion concerning (n)UDQSs
applies also to OSDQSs. However, to date most of these general aspects con-
cerning OSDQSs have not yet been investigated systematically. First results in
the Rydberg OSDQS for Kitaev’s toric code [107] show that errors in the gates
result in effective heating. For the case of approaching the stationary (ground)
state of frustration-free Hamiltonians as in Refs. [I2841I30], the efficiency de-
pends on the size of the gap between the ground state and the excited states, or
more precisely, on the real part of the first non-zero eigenvalue of the Lindblad
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equation, which determines the rate of approaching the stationary state.

1.3 Analog quantum simulators (AQS)

Similar to the previous section, we now classify AQSs with respect to the four
requirements of our definition. AQSs, as DQSs designed to mimic the quantum
dynamics of interesting quantum many-body models, typically rely on “always
on” inter-particle interactions that are augmented by fast local unitary control.
By definition they operate in continuous time, and thus Trotterization problems
do not concern them. On the other hand, standard error-correction methods
cannot be applied.

1.3.1 Universal analog quantum simulators (UAQS)

Sometimes known as “Hamiltonian simulation,” the goal of a universal AQS
(UAQS) is to transform — through a well-designed control sequence — a given
Hamiltonian acting on a fixed Hilbert space into an arbitrary target Hamilto-
nian. While not conceived as a practical AQS device, the concept explores an
abstract quantum-information-processing system capable of simulating unitary
evolution for all (or at least all local) Hamiltonians.

Realizations: To our knowledge there are no concrete proposals for experi-
mental realizations of UAQSs.

Controllability: While for UDQSs the issue is the access to the universal
set of quantum gates, for UAQSs the question is what the necessary resources
are (not necessarily quantum gates) that allow for the simulation of all Hamil-
tonian evolutions of interest. Universal control sets (as opposed to universal
digital logic gates) that generate an arbitrary Hamiltonian evolution have been
studied [133] [134]. Typically, such an approach using “always on” interactions
is associated with more limited control than is available in a universal digital
quantum computer.

Reliability: UAQSs do not allow for standard error correction and fault toler-
ance such as holds for UDQSs.

Efficiency and Reliability: Diir et al. studied a hybrid construction of
always-on interactions with stroboscopic digital control to achieve a univer-
sal Hamiltonian simulator via the Trotter construction [I35]. They found that
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decoherence and analog timing errors can make such a device inefficient. Other
issues concerning UAQSs are essentially the same as for non-universal AQSs, so
we leave their discussion to the next section. The only difference is that UAQSs,
by definition, are capable of performing tests of robustness of the quantum sim-
ulations that we propose in the following section. These tests are based on
adding disorder or noise in a controlled manner to the simulated Hamiltonian,
which for non-universal AQSs may require additional resources.

1.3.2 Non-universal analog quantum simulators
(nUAQS), or simply AQS

Non-universal AQSs (nUAQS, or simply AQS) constitute the most popular class
of QSs, but despite this fact there is little known about their reliability and ef-
ficiency. Therefore, we focus on them in the remainder of this thesis. AQSs are
experimental systems that can mimic continuous-time unitary Hamiltonian evo-
lution for a given family of quantum many-body models. Their characteristics
are as follows:

Realizations: The most advanced experiments with AQSs have been with ul-
tracold atoms in optical lattices (see Chapter . The degree of quantum
control is maybe even better in trapped-ion systems (see Chapter . Al-
though so far these are limited to few ions, the first step toward large-scale QSs
was recently achieved [I36]. In the last years, there has also been substantial
progress with other possible candidates for AQS, such as photonic systems [371-
41], photonic and polariton systems [43H47], or artificial lattices in solid-state
systems [49] [137].

Controllability: Most, if not all, of the proposals and realizations of AQSs
allow for at least partial controllability. The paradigm examples are AQSs em-
ploying ultracold atoms in optical lattices. Here, the typical controls involve
optical lattice parameters (e.g., laser intensity or wavelength), lattice geometry
(see Chapters [3[ and , lattice dimensionality, temperature, and other thermo-
dynamical control parameters, as well as atomic interaction strength and na-
ture (van der Waals interactions are controlled via Feshbach resonances, while
dipole interactions by the strength of the dipoles, lattice-site-potential shape,
etc.). Further, tunneling can be laser or shaking assisted and can mimic artifi-
cial Abelian or even non-Abelian gauge fields (cf. Chapter . Moreover, dipo-
lar interactions may lead to non-standard terms in Hubbard models, such as
occupation-dependent tunneling (see Chapter , and orbital physics can also
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be quantum simulated (see Chapters |§| and E[) For more details, see Sec. of
this thesis and Chapter 4 of the book by Lewenstein, Sanpera, and Ahufinger [§].

Error correction: AQSs do not allow for standard error correction and fault
tolerance as applied to DQS.

Efficiency: The issues of reliability and efficiency are essential for the usefulness
of any QS. In the context of AQSs, however, there has been little analysis of these
problems. Firm criteria on computational complexity and efficiency for AQSs
are in general difficult to address and have not yet been established. First of all,
they require that for the considered quantum models the classical computational
complexity of the static or dynamical properties is known. Unfortunately, in the
realm of classical computation, there are few proofs that a given computational
problem is outside the class P or not, or even if there is a clear delineation
between certain complexity classesEI

Reliability: So far, there exists no perfect and rigorous way to assess the
reliability of AQSs. There are, however, several complementary approaches.
One proposal is to cross validate a variety of different physical systems (e.g.,
atoms in optical lattices, trapped ions, and superconducting qubits) [102]. The
hope is that since every platform has its own set of imperfections, they will
agree on the universal properties of the ideal quantum many-body model being
simulated. While it remains to be seen whether such universal features would
emerge, this approach has a number of shortcomings. For example, there may be
models that have only one known implementation, or different implementations
may suffer in the same way from imperfections, hence consistently exhibiting
features associated with noise rather than with the ideal model.

A more systematic approach is to validate the results of a QS against analyt-
ical and numerical predictions in the regime of parameters where such compar-
ison is possible. This was recently demonstrated in experiments with ultracold
bosonic and fermionic atoms [ITHI3]; amazingly, in one case numerical simula-
tions helped to correct the expected experimental temperature by up to 30%.
Relying solely on validation from classical calculations, however, would restrict
QSs to models in regimes where these efficient classical algorithms exist — that
means contradicting the relevance and usefulness requirement, point (a) of our
definition of a QS. In general, we desire to operate QSs in regimes whose prop-

3As described on p. 7 in recent years there has been considerable progress in under-
standing that the ground states of 1D gapped systems can be efficiently simulated by classical
methods [I38H140], and that quantum dynamics is in general computationally hard 100} [I0T].
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erties are difficult to deduce by classical methods, e.g., near or at the critical
point of a QPT, or in genuine terra incognita regimes. In these regimes, how-
ever, many relevant models become hypersensitive to perturbations [141] [142],
and even small levels of noise may spoil completely the results of the quantum
simulation. For example, the capability of an analog quantum-information pro-
cessor whose dynamics is characterized by quantum chaos (i.e., well described
by random matrix theory) can be severely impacted by imperfections [143] [144].
More importantly, this also means that successfully validating a QS in a classi-
cally accessible regime does not give certainty about its robustness in regimes
which are classically not accessible.

1.3.3 Open-system analog quantum simulators (OSAQS)

Finally, let us mention open-system AQS (OSAQSs). Similar to OSDQSs, OS-
AQSs are supposed to simulate dissipative dynamics for the density matrix of a
many-body system of interest, aimed at a simulation of open-system dynamics or
at a designed dissipative dynamics toward a stationary state of interest. Many-
body Lindblad master equations relevant for this approach have been studied in
the context of evaporative, laser, and sympathetic cooling of degenerate atomic
gases. Recently, there has been a revival of interest in such systems due to the
prospect of using them for the preparation of interesting pure, highly-entangled
states [1284130].

The experimentalist who realizes an OSAQS, in contrast to an AQS has to
have to his/her disposal some non-unitary, dissipative quantum mechanism. In
a sense, all designed cooling or entropy-reduction methods are of this sort.

Realizations: All AQS systems can, in principle, be used as OSAQSs.

Controllability: OSAQSs are typically not universal in a sense similar to
OSDQ@Ss; they allow neither for the simulation of arbitrary (local) Markovian
dynamics nor for the preparation of arbitrary states. Nevertheless, in most
of the proposals [I28HI30] or experimental realizations they allow for a wide
control of parameters, which in turn allows to simulate open-system (Markovian)
evolutions for wide families of open systems.

Error correction: For OSAQSs, it is not known in how far error correction
and fault-tolerant computing is possible, similarly to OSDQSs.

Efficiency and reliability: All of the above discussion concerning AQSs ap-
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plies also to OSAQSs. But, as in the case of OSDQSs, due to the purely dis-
sipative nature of the process, this type of simulation has a certain amount of
intrinsic robustness and built-in “error correction.” Still, again as in the case of
OSDQ@QSs, most of these general aspects have not yet been investigated system-
atically.

1.4 Summary

In Tables [I.2] and we summarize to which extent digital and analog QSs
fulfill the requirements (b-d) of our definition. From our discussion, it becomes
clear that currently these aspects are best-studied for UDQSs and nUAQSs.

All of the above considerations clearly lead to the fundamental question:
Can we trust quantum simulators? One can hope that they are at least more
robust than full-fledged quantum computers, since very often the amount of out-
put information required from a QS may be significantly smaller than what one
could demand from a universal quantum computer. QSs should provide infor-
mation about phase diagrams, correlation functions, order parameters, perhaps
even critical exponents or nonlocal hidden order parameters. But a common
assumption is that these quantities are more robust than what is required for a
universal quantum computer. In fact, quantum computer algorithms will typ-
ically need to form correlations in a basis unrelated to the physical implemen-
tation (qubits). For example, Shor’s algorithm [145] develops a wavefunction
where the peaks of high probability are equally spaced in the computational ba-
sis. In contrast, a QS needs to form correlations that are, in general, physically
related to the elementary components of the simulator.

Before we can address the issue of robustness of QSs in more detail, we
need to provide some background about the QS architectures considered in this
thesis, including their advantages and shortcomings. This forms the subject
of the next two chapters. The issue of robustness will also be an recurring
leitmotif in Part [T, where we present — exemplified on several proposals and
experimental realizations — an overview of the current trends in optical-lattice
QSs. From these, we can acquire a deeper understanding of these architectures
for analog quantum simulation, which will be useful in the discussion of their
robustness, which we postpone until Part [[TI]
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digital quantum simulators

universal non-univ. open

Realizations trapped ions, ultracold salme as as UDQS
neutral or Rydberg UDQS (especially trapped
atoms, CQED, ions, ultracold
superconducting qubits, neutral or Rydberg

atoms)

Control full (long-range inter- partial partial
actions difficult ?)

Error with exponential not known not known

correction  overhead (Trotterization

(EC) issues)

Reliability  full not not guaranteed

guaranteed

Efficiency efficient without EC at least as can be better

(for general class of models); UDQS, than UDQS

much less efficient with
EC (Trotterization issues)

but may not
be provable

Table 1.2: Classification of DQSs (universal vs. non-universal, Hamiltonian
vs. open) focusing especially on the requirements (b) to (d) of our definition
(Sec. [L.1)). Particularly well studied are UDQS. Detailed descriptions are pro-

vided in Sec.
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analog quantum simulators

universal non-univ. open

Realizations ? many (trapped ions, same as nUAQS
ultracold atoms, photon and
polariton systems, artificial
solid-state lattices, ...)

Control full partial (but long-range partial

interactions “easy”)

Error no no standard EC no standard EC

correction  standard

(EC) EC

Reliability ? ? (partial validation schemes ? (partial validation
available) schemes available)

Efficiency ? ? ?

Table 1.3: Classification of AQSs (universal vs. non-universal, Hamiltonian
vs. open) focusing especially on the requirements (b) to (d) of our definition
(Sec. . Detailed descriptions are provided in Sec. Control over a
large number of realizations has been achieved for nUAQS. Error-correction,
reliability, and efficiency, however, are badly studied for all types of AQSs
(question marks).



Chapter 2

Ultracold atoms and ions as
analog quantum simulators

There are currently various distinct architectures which are used as AQSs (see
Table realizations), each with its own advantages and disadvantages. In
this thesis, we are concerned with ultracold atoms in optical lattices [26] and
trapped ions [34H36], which we describe now in a non-technical manner.

2.1 Ultracold atoms in optical lattices

In 1998, Jaksch et al. recognized the possibilities for many-body quantum sim-
ulation offered by the recently produced Bose-Einstein condensates (BECs) of
atomic gases [0]. As they pointed out, by introducing the BEC in an optical
lattice, the Bose-Hubbard model can be simulated. This model accurately de-
scribes Cooper pairs tunneling between superconducting grains, and in the limit
of strong interaction it can be mapped to an XY quantum magnet.

Perhaps even more important is its fermionic variant, which describes —in the
most simplified way — the interplay between kinematics and interactions of elec-
trons in crystal lattices. It has been suggested that this so called Fermi—-Hubbard
model [87] contains the physics relevant for high-temperature superconductivity
[4]. For over three decades, the hope of achieving room-temperature supercon-
ductors, which would allow to losslessly conduct electrical current in everyday
situations, has driven intense efforts aimed at a thorough understanding of this
effect. However, this understanding has not yet been achieved, in part because
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we do not know of any efficient way to solve generic fermionic models in more
than one dimension. A reliable quantum simulation of such models may, hence,
be of extreme practical relevance.

Here, we explain briefly how optical lattices are realized experimentally, and
we show why atoms loaded into one are well described by Hubbard models. We
also explain the possibly most common measurement technique in these setups,
namely time-of-flight imaging. After that, we discuss current research directions
as well as the main advantages of optical-lattice experiments as compared to
other QS setups. A pedagogical introduction to optical-lattice QSs can be found
in the book [§].

2.1.1 Experimental realization of optical lattices

An optical lattice (sketched in Fig. is a standing wave of light, created by
counter-propagating laser beams which are off-resonant to an atomic transition.
The AC-Stark shift leads to an intensity-dependent potential for the atoms,
which can be repulsive or attractive, depending on the sign of the detuning
between the light wave-length and the atom transition. Using three pairs of
counterpropagating beams, one can create a three-dimensional, periodic poten-
tial for the atoms. Since in the far field of the laser the only spatial dependence
is longitudinal and monochromatic, the resulting periodic potential forms an
essentially perfect lattice structure, where the constant distance between two
lattice minima is given by the laser wavelength.

-Laser ' | Laser

Figure 2.1: Sketch of an optical lattice. For not too shallow lattices, atoms
are confined to the lattice minima, and the kinetics is exhausted by tunneling
processes between these (¢). In the most standard scenario, interactions are
only important between (bosonic) atoms on the same site (U). This constitutes
the famous Bose-Hubbard model, Eq. [2.1).

interaction U

tunneling t

The time scales achievable in optical-lattice experiments are essentially lim-
ited by heating, which can appear due to phase instabilities of the lasers forming
the lattice or spontaneous emission following absorption of lattice-laser photons
by the atoms [146]. Other sources of noise include fluctuations of the amplitudes
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of the lasers, which, however, may be possible to avoid using a dressed optical
lattice that is created with the help of an auxiliary excited atomic state [147].

2.1.2 Derivation of the Bose—Hubbard model

The motion of the atoms in the periodic optical lattice is effectively governed
by the Hubbard model. Therefore, nowadays it is possible to realize almost
perfectly (i.e., under well-controlled approximations) a model which was intro-
duced in the 1960s as an extreme abstraction to describe electrons in solid-state
crystals, retaining only the most essential effects [148]. Here, we give a short
derivation for the standard version of the bosonic variant of this model. Af-
terwards, we point out various possibilities for non-standard extensions and
improvements, which we will treat later in the thesis.

The Hamiltonian governing the bosonic atom-field operators \il(r) in the
optical lattice reads in second quantization

2

. . h?v
o= fd3r\IlT(r) (_2Mat
" %fd3rfd3r'\iﬁ(r)\iﬁ(r')vint(r—r')\i!(r')\il(r). (2.1)

Here, M, is the atom mass, Vi (r) the optical-lattice potential, u the chemical
potential for the atoms, and V{,ap(7) is an external confinement, typically har-
monic, preventing the atoms from laterally escaping the lattice. In the standard
scenario, it is sufficient to approximate the interaction between the ultracold
bosonic atoms by contact interactions

+ Viat(T) + M + Vvtrap(’r)) \if(’l')

dragh?
Mat

where as is the s-wave scattering length, A the reduced Planck constant, and
d(r —7") the Dirac delta function.

In the presence of the periodic potential, it is convenient to express the field
operators W(r) in terms of the lowest-band Wannier functions w;(r), which
form a basis consisting of states that are exponentially localized at the lattice
minima ¢. That is, we expand

W(r) = Y wi(r)h (2.3)

Ving(r =7') = S(r-r'), (2.2)

with b; the annihilation operator for a boson at site . It is sufficient to consider
only the lowest band if all energy scales are small compared to the excitation
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energy to the second band, which in the most typical experimental situations
is the case. Expanding the field operators in Hamiltonian ([2.1) according to
Eq. (2.3)), we obtain the Bose-Hubbard model,

Hpm=-). % (b7b; +h.c.) + Z %ﬁl(ﬁz -1)- Zuiﬁi (2.4)

]

where l;i, BI are bosonic annihilation and creation operators, and n; = ZA);rlA)Z is
the corresponding number operator. The matrix elements U; and ¢;;, denote,
respectively, on-site interactions and tunneling between sites ¢ and j, and u; =
1 — V"™ captures the combined effects of the chemical potential z and the
confining potential. We have the local trap potential

VitmlD = f d3r w} (7)) Vigapwi (), (2.5)

and the on-site interactions

A P (2.6

Here, we took only same-site contributions into account. In most situations, this
is sufficient due to the exponential localization and the resulting small overlap
of Wannier functions associated to different sites. The hopping matrix elements

read
—[d3rw;(r) (—

For shallow lattices, nearest-neighbors matrix elements of ¢;; can be large, but
the strong localization of the Wannier orbitals typically allows to neglect hop-
ping between sites at larger distances.

These terms constitute the standard Bose-Hubbard model, which — although
strikingly simple — is already difficult to solve in many situations (see also the
discussion on p. ), making its experimental quantum simulation very useful.

202
- + Vlat(r)) wj(r). (2.7)

In its derivation, we made a number of (well-controlled) approximations.
Consistency with the lowest-band approximation requires a large energy sepa-
ration from the first excited band, which is achieved if the width of the Wannier
functions ¢ is small compared to the lattice spacing d, i.e., ( < d. Further,
to avoid excitations to the higher bands, the interaction energy Un;(n; —1)/2
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has to be smaller than the band gapE Additionally, the approximation of the
interaction potential as point-like requires a; < (.

While in typical situations these conditions can be readily fulfilled, we will
discuss in this thesis various scenarios beyond standard cubic optical lattices
where the simple Bose-Hubbard model has to be extended, opening the pos-
sibility to observe novel phenomena. For example, for large scattering lengths
as ~ d, the Wannier functions are broadened by interaction effects, leading to
an admixture of higher bands. This situation can be captured by an effective
single-band Hamiltonian with occupation-dependent parameters, as discussed in
Chapter [9] There, we also address the situation, where higher-band effects be-
come important due to a large Un;(n; —1)/2 (while a, remains small). Higher
bands can also be purposefully occupied, which allows to quantum simulate
orbital physics and models similar to color models from quantum chromody-
namics. We discuss this situation in Chapter [f} We also consider cases where
the interaction potential Vini(r — 7') is dominated by strong dipolar interac-
tions, extending the Bose—Hubbard model by non-negligible off-site interactions
(Chapter[7) and correlated tunneling terms (Chapter|[10). Finally, in Chapter
we discuss an example where an exotic lattice geometry renders next-to-NN tun-
neling important.

Already in its most simple formulation, the Bose-Hubbard model shows
interesting physics. Most strikingly, it harbors a quantum phase transition
between two qualitatively very different regimes. These can be accessed by
adjusting the ratio t;;/U; which is achieved simply by changing the strength of
the laser beams forming the optical lattice. Namely, increasing the lattice depth
typically decreases the tunneling matrix elements ¢;; exponentially (due to the
decreasing overlap of the Wannier functions at neighboring sites i and j), while
it increases the on-site interactions U; slowly (i.e., as a power law; this is due
to the stronger confinement of the Wannier functions in deeper optical lattices
and the resulting stronger on-site overlap).

If the optical lattice is weak (¢;;/U; > 1), the atoms are free to tunnel
between different potential wells, and they retain the long-range coherence that
they had in the free BEC cloud. The resulting state is a superfluid (SF) with
long-range phase coherence and considerable particle-number fluctuations. In
the opposite limit of a strong optical lattice (¢;;/U; < 1), for integer filling, the
atoms cannot overcome the barriers between the potential wells and localize

LFor deep lattices, one can obtain a good estimate for the gap by approximating the lattice
sites as harmonic potentials. The gap is then given by the frequency of the associated harmonic
oscillator, which is roughly \/4FE,ccv,, [P, where Erec is the recoil energy and Vo the depth of
the optical lattice [70].
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at the lattice minima. Coherence between sites is lost and the atoms enter
an insulating state, a so called Mott insulator (MI). In this state, the particle
number at each site has almost no fluctuations and is fixed to an integer value.
This SF-to-MI transition has been observed in a ground-breaking experiment
[72] only a few years after the theoretical proposal [70].

2.1.3 Time-of-flight imaging of the atom momentum dis-
tribution

A typical and well-developed measurement technique allowing to observe the
SF-MI transition is the so called time-of-flight (ToF) imaging [24] [149, [150] of
the atom momentum distribution. The main idea for this is to abruptly remove
the optical lattice and the external confinements holding the atoms, and to let
the atoms expand freely. The absorption images of the atom density distribution
after a sufficiently large expansion time hold then information about the in-trap
off-diagonal correlations, as we show now.

After switching off all confinements, the cloud becomes very dilute very
rapidly, so that interactions play only a minor role during the expansion and the
cloud expands almost ballistically. Further, after long enough expansion times
T1or the cloud is spread out sufficiently such that the initial in-trap distribution
of the atoms does not play any role and can be approximated as point-like. Then,
the atom distribution at time 7 = 7o is solely given by the initial momentum
distribution at time 7 =0,

ny (1) (2.8)

_ nb(k: Mat'r')

hrror

T=TToF 7=0

In other words, an atom with initial momentum k moves during time 7pop from
r~0tor=hkrror/ Mat-A The in-trap momentum distribution can be expressed
in atom-field operators ¥(r) as

m ()] = (00w} = [ @ [ et @i mie). @)
In the lowest-band approximation, one can again expand the field operators in
Eq. (2.9) in terms of the Wannier functions, Eq. (2.3)), yielding for a transla-

tionally invariant system with w; (r) = w (r —7;),

o (9] = () e ) (il (2.10)
- ,J
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where

w(k):fd3reik'rw(r) (2.11)

is given by the Fourier transform of the Wannier orbitals. The Wannier envelope
lw(k)|* has a priori nothing to do with the Hubbard model, but is a non-
universal feature reflecting the form of the lattice-site potentials.

Equations and map the in-trap correlations (IA)IZA)J) onto the real-
space distribution ny, (7) after free expansion. The resulting distribution can be
understood as the interference pattern of elementary partial waves originating
from all lattice sites. np (r) can be measured in a straightforward manner by
shining resonant light through the expanded atom cloud. The light, which
can be observed by a CCD camera, will be attenuated corresponding to the
density of atoms. This technique requires a sufficiently large number of atoms
for good absorption pictures and sufficient space in the vacuum chamber for
reaching large expansion times. Also, the ToF measurement is destructive.
It has, however, the huge advantage that the resolution of standard imaging
systems is sufficient to observe the expanded atom cloud.

The off-diagonal correlations (ZAJIIAJJ) measured in this way have proven an
important observable, as they allow to distinguish the primary phenomenon
occurring in typical optical lattices, namely the MI-SF quantum phase tran-
sition [72]: In the MI phase there are no off-diagonal correlations, and the
images reveal a smeared-out cloud with no particular features (Fig. )E| In
the SF phase, on the other hand, the atoms condense at certain k vectors and
the resulting off-diagonal long-range correlations appear as strong peaks at the
corresponding positions (modulo reciprocal lattice vectors) in the momentum
distribution (Fig. and c¢). The contrast of the resulting ToF interference
patterns is an important observable for quantifying long-range coherence.

2.1.4 Advantages and future directions

One huge advantage of optical-lattice experiments is the large number of atoms
which can be controlled, reaching several thousands. Until recently, however,
a big handicap was that only global measurements were possible, such as the
ToF images described above. However, a few years ago single-site manipulation
and readout has been achieved [11} [152HI54], allowing in-situ measurements of
many-body states. These give access to the diagonal correlations, thus yielding

2Except the features given by the Wannier envelope. In most cases, these are trivial, but in
Chapter [6.3] we show that they can allow to distinguish different quantum phases of fermions
in the p-band of an optical lattice.
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Figure 2.2: Typical experimental time-of-flight images (from the cover
of the PhD thesis of Markus Greiner [I5I]). (a) At low lattice depths,
the system is in a SF with coherence between sites. The atoms are condensed
at specific k vectors, resulting in strong peaks in the momentum distribution.
(b) For strong lattices, tunneling is suppressed, and the atoms enter a
Mott-insulating phase. Correlations between sites are lost, and the atoms
are localized at individual lattice minima, resulting in a broad, featureless
momentum distribution. (c) Ramping back to low lattice depths re-
establishes a SF state, and the characteristic peaks associated to long-range
correlations are restored. This panel demonstrates that the loss of coherence
is not due to experimental imperfections but to a quantum phase transition.
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important information complementary to the off-diagonal correlations recorded
in ToF measurements.

Another feature of optical lattices is their extreme cleanness and regularity.
This goes so far that effects of disorder can only be observed if they are intro-
duced “by hand.” The control over disorder has now achieved very sophisticated
levels [155], which has allowed to observe for the first time Anderson localiza-
tion of matter waves [I56HI58], an effect which had been predicted theoretically
almost fifty years before [159].

A further advantage is that the dimensionality of optical lattices can be
tuned easily. By ramping up the strength of one of the counter-propagating laser
pairs, large potential barriers along 2D plains can be created, prohibiting tun-
neling along this direction, and the system becomes effectively two-dimensional.
Increasing similarly the strength of one of the other pairs renders the system ef-
fectively one-dimensional. Further, the concept can be easily extended to more
exotic geometries than the standard, simple cubic optical lattice. To this, the
angle between the laser beams and their polarization has merely to be cho-
sen appropriately. Current research effort focuses in particular on triangular
[160] (see Chapter [3), hexagonal [I61} 162] (see Chapters [4 and [f), and kagome
lattices [I63] (see also Chapter [3)).

Since the early stages, optical lattice experiments have achieved a consider-
able maturity, making it to date possibly the most versatile QS architecture. For
a pedagogical derivation and a description of the manifold of models simulatable
in optical lattices, see the recent book [8]. The Hubbard model is perhaps the
simplest lattice model capturing the interplay between interactions and kinetics,
but in recent years, it has been extended in many different directions. These in-
clude quantum simulation of quantum magnetism [16} 164, [165] (see Chapter|3),
the study of higher-band effects [166] (see Chapters [6]and [9)), or the trapping of
atoms or molecules with permanent dipole moments [I67], allowing the investi-
gation of long-range interacting systems (see Chapter [10| and also Chapter [7)).
Further, neutral atoms do not feel the effect of a real magnetic field as elec-
trons do, requiring clever schemes to create “artificial” magnetic fields [10] [20].
Taking this even further, also artificial (Abelian and non-Abelian) gauge fields
can now been implemented [22] 23], see Chapter [5} Other recent developments
include experiments on Fermionic atoms [13] [15] 18], 87, [154] I68HI7I] or dynam-
ics [19) 2], 172], which also demonstrated effects similar to the Kibble-Zurek
mechanism [I73]. In all of these arenas, exciting progress can be expected in
the next years.
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2.2 Trapped ions

Another promising architecture for quantum simulations are trapped ions. The
corresponding technology has been developed for several decades, mostly for
precision metrology such as for mass spectroscopy or atomic clocks. In the
mid-1990’s, it experienced an important boost due to the increasing interest in
quantum computing, and in particular to the first proposal for a universal quan-
tum computer based on trapped ions, the famous Cirac—Zoller article [I74]. In
2004, Porras and Cirac proposed to use this technological know-how for quan-
tum simulations of quantum spin models [I75]. In a different context, similar
spin models were derived earlier by Mintert and Wunderlich [176], who studied
the possibility of individual ion addressing using inhomogeneous magnetic fields.

2.2.1 Trap setups for ultracold ions

To appropriately manipulate the ions, they have to be held stably within a
predefined experimental area. But how can an ion trap be realized, when Earn-
shaw’s theorem forbids to create a stable potential minimum for charged par-
ticles through electrostatic forces? One way to circumvent this obstacle was
found by Paul and Steinwedel in the 1950’s; they demonstrated that an effec-
tive potential minimum for charged particles can result as the time-average of
quickly-oscillating, time-dependent electric fields. For this work, Paul received
the Nobel prize in physics in 1989. The trapping device relying on this idea,
known under the name “Paul trap,” is currently the standard setup for trapped-
ion QSs (although alternative trapping devices such as Penning traps or surface
traps are making giant advances in recent years, see below).

A Paul trap typically consists of four parallel rods; in one realization, one
applies an ac current on two opposing rods, while the other two are grounded
(see Fig. 2.3h). As explained in Fig. 2.3p, this can create a stable trapping
potential, confining the ions to a tube parallel to the rods. To prevent an
escape of the ions along the longitudinal direction, one adds end caps at a static
voltage. In a strong enough trap, and at sufficiently low temperatures, the
repulsive interactions between ions in combination with the trapping potential
will arrange them in a periodic structure, a so called Coulomb crystal. Large
enough crystals are sufficiently homogeneous to allow quantum simulation of
periodic lattice models, where the ion positions act as lattice sites. Natural
lattice structures arising this way are linear chains (indicated by red bullets in
Fig. [2.3h), zig-zag chains [I77], helical structures and disk-shaped triangular
lattices [178], and even more complex patterns in three dimensions [179)].
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end caps

half a cycle later

Figure 2.3: (a) Sketch of a Paul trap. It typically consists of four rods,
with two opposing ones at ac voltage (dark) and the other two grounded (light
color). End caps at dc voltage prevent longitudinal escape of the ions. (b)
Cut through the central rods, explaining the trapping principle. The
alternating voltage leads to a periodic repetition of focusing and anti-focusing
forces (indicated by the orange ellipsoid). If the frequency is high enough, the
ions (sketched for positive charge) cannot follow the force and get trapped in
the center due to their inertia. The black lines exemplify field lines.

2.2.2 Advantages, disadvantages, and current directions

Trapped ions have a number of advantages. Control over state preparation,
manipulation, and read-out can exceed the one achieved in typical setups con-
sisting of ultracold neutral atoms. In particular, single-site addressability is
straight-forward, since — due to the strong electro-static repulsion — the dis-
tance between ions is on the order of micrometers. For neutral atoms in optical
lattices, this requires considerable additional effort involving sophisticated op-
tical instruments [11], I52HI54]. Moreover, because of the long-range nature of
Coulomb-interactions, long-range interactions are achieved easily [175], 180, [18T]
(see Chapter (7)), without the large experimental effort necessary in ultracold-
atom setups.

Unfortunately, Paul traps cannot be easily scaled to large numbers of ions,
and current experiments are typically carried out with on the order of 10 ions.
A related drawback is that currently it is difficult to extend the quantum sim-
ulation ideas to simple, regular three dimensional systems. To reach the large
numbers necessary for a useful quantum simulation, novel technologies are un-
der development, where QSs are profiting enormously from the efforts aimed at
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Figure 2.4: Sketch of a surface
microtrap array. Engineering an
electrode design on a surface (here
sketched as individual microcoils a la
Chiaverini et al. [I82]), can allow to
reach scalable trapping architectures
of arbitrary geometry.

scalable quantum computers. A particularly promising approach is the use of
micro-fabricated surface traps [182] (see Fig. 2.4), which could allow to reach
practically arbitrary lattice geometries in a scalable manner [I83]. Another
promising trapping technology is Penning traps [184], where recently the first
step has been done towards quantum simulation with trapped ions on large
scales [I36]. Further, recent developments in trapping ions solely by optical
means [185] [186] open a whole new avenue, including the possibility of bringing
neutral atoms and trapped ions together in a single setup, thus amongst others
allowing the study of charge-transfer processes.

To date, a large variety of quantum simulations employing trapped ions
has been proposed, some of which have been implemented experimentally (see
the reviews [34436]). The list includes neural networks [187] [I88], controlled
disorder [189], the Frenkel-Kontorova model [I90], the Kibble-Zurek scenario
[191], relativistic effects related to the Dirac equation [32} 33],[192], 193], Hawking
radiation [194] [195], or unitary random quantum walks [I96]. Further, the ion
vibrations can simulate Bose—Einstein condensates [197], SF-MI transitions and
the Tonks—Girardeau gas [198], and non-Abelian gauge fields [199]. Also, new
proposals have extended the initially basic spin models, amongst others, to
spin—boson models [200], models with spins larger than S = 1/2 [201], strongly
frustrated models [202, 203] (see also Chapter [3), and models with long-range
interaction [180), 18T [204] (see also Chapter [7)). And, indeed, the quantum spin
models that sparked the interest in trapped-ion quantum simulation [I75] have
been realized in proof-of-principle experiments [27H29].

While this thesis focuses on AQSs, important breakthroughs are currently
being achieved on the front of trapped-ion implementations of DQSs. Perhaps
most noteworthy are the experimental implementations of a universal [30] and
of an open-system DQS [31].
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In this part of the present thesis, we discuss several new directions of quan-
tum simulations which go beyond standard optical lattices. Our aim is not so
much to treat each subject exhaustively, but rather to give an overview of the
extremely diverse and rich physics attainable in ultracold-atom and trapped-
ion quantum simulators. The presented models have in common that they pose
considerable challenges for analytical or numerical methods, thus making them
relevant targets for quantum simulation.

In particular, we describe Chapter

how frustrated lattice geometries may lead to exotic |§|
quantum-disordered phases,

how spin-dependent lattices allow to tune the many-body E|
behavior of spin mixtures, including forced antiferromagnetic
and supersolid states,

how combining exotic lattice geometries with time-periodic |§|
driving generates topological and quantum spin Hall
insulators as well as non-Abelian gauge fields,

how fermions in higher bands achieve ground states which |§|
break time-reversal symmetry,

how combining trapped ions and optical lattices permits to |Z|
quantum simulate long-range interactions, and

how one can engineer spin correlations in optical lattices, in |§|
particular in arrays of atomic micro-ensembles, using
quantum non-demolition measurements.

The last chapter is an exception, as it does not describe how to realize a
specific model. Instead, it rather presents a generally applicable method to
manipulate quantum correlations in optical lattices. As such, it may be useful
for engineering states appearing in the models of the other chapters. We delegate
technical details to Part [[V] so that the chapters contained here can focus on
presenting the considered system, its relevance in a wider context, and our
results.
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Chapter 3

Frustrated quantum
magnetism with ultracold
bosons in a triangular lattice

As described in Chapter [2.1] ultracold neutral atoms, confined in optical lattices
allow the quantum simulation of a large variety of strongly-correlated systems.
A particularly appealing perspective in this arena is the study of lattice-boson
models with frustration, because, as mentioned in Chapter from a theo-
retical point of view, bosonic frustration in the presence of strong interparticle
interactions on a lattice represents a very hard problem in dimensions d > 1.
Indeed, controlled perturbative expansions are not available in the strongly cor-
related regime, semiclassical methods break down in the presence of strong
quantum fluctuations enhanced by frustration, and in QMC simulations the so
called sign problem occurs. Hence, the implementation of bosonic frustration in
optical-lattice experiments would represent a fundamental instance of a relevant
quantum simulation.

In general, one calls a system frustrated if not all constraints (in our case,
for the energy) can be optimized at the same time. In the standard situation,
bosons in an optical lattice, described by the simple Bose-Hubbard model
are not frustrated. Geometrical frustration can arise, however, if the hopping
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matrix elements are, contrary to the usual case, positive, —t;; > 0,

. Foo
Hpu = ), ?J(b;rbj +h.c.)+%2m(ﬁi—1) (3.1)
(i,5) i
where we defined fij = |fij| = —t;;. Further, Ei, l;j are bosonic operators, n; = l;;rl;Z

the corresponding number operator, and (i, j) represents pairs of NN sites.

To illustrate how the sign change in the Bose-Hubbard model leads to frus-
tration of the kinetic energy, consider the state of a single boson spread over
two sites, i and j, [¢) = (|1;,0;) +€*?0;, 1j)) /7/2. The interaction terms in the
Bose-Hubbard Hamiltonian are unaffected by the relative phase ¢, but the
tunneling term depends on it, (¢|#;; (le;j + IA)IIA)Z) 1) = t;; cosp. For the stan-
dard situation of ferromagnetic tunneling, #;; < 0, the energy is minimized if the
relative phase between all sites vanishes, leading to Bose-condensation in the
zero mode. For antiferromagnetic (AFM) tunneling, fij > 0, on the other hand,
the energy of each bond is minimal if the relative phase is ¢ = 7TE| As illustrated
in Fig. 3.1h, on a triangle, e.g., this cannot be fulfilled for all bonds, because
the single-valuedness of the wave function demands that the phase around a
plaquette be a multiple of 27. If; e.g., the wave function collects a phase of m
along the diagonal bonds (dashed), the phase along the horizontal bond (solid)
is 0, which is energetically maximally disfavored. Hence, the ground-state wave-
function has to find a compromise, which in extended lattices can lead to novel
phases with spiral order properties or even quantum-disordered phases. On the
other hand, simple square lattices with only nearest-neighbor (NN) tunneling
are not frustrated (along every bond a phase of 7 can be picked up, leading to a
total phase around a plaquette of 47). The study of frustration effects requires
more exotic lattice geometries than that.

In an optical-lattice experiment, frustration in the intersite hopping ampli-
tudes (i.e., inversion of the sign of the hopping matrix elements) can be created,
for instance, by coupling the bosons to a (artificial) magnetic field via Raman
schemes [205, 206], where fundamental steps have recently been taken experi-
mentally [I0, 20, 23]. This is formally equivalent to a description of the system
in a rotating reference frame, which implies that the system is subject to the
spontaneous appearance of vortices. Such vortices can form ordered arrays (vor-
tex crystals) coexisting with Bose condensation, which consequently takes place

LA generalization to an arbitrary number N}, of bosons is straightforward. In that case,

. N
the SF state for two sites can be written as |¥ ;) o< (b:r + e“f’b;r.) b |05,0;5). The expectation

value of the tunneling operator t~¢j (IAJIIA)J + I;;rl;l) is also for this wave function o< fij cos .
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Figure 3.1: (a) Illustration of frustration. If the bosons pick up a phase of
7 along the dashed bonds (the energetically optimal case for positive hopping
matrix elements), the relative phase along the horizontal, solid bond has to
be 0, which is energetically least favored. Therefore, not all three bonds of a
triangle can minimize their energy simultaneously. (Phases are illustrated by
blue arrows, sites by gray bullets.) (b) The geometry of the SATL is an
extrapolation of the triangle to an extended lattice, with two different bond
strengths, t,, = t1 along 71 = e, and tr, , = t2 along 725 = (e, + V/3ey) /2 (the
lattice spacing is set to 1). This strongly frustrated lattice exhibits quantum
disorder.

in a macroscopic wavefunction sustaining persisting circulating currents (see
Ref. [207] and references therein); or they can even disrupt condensation com-
pletely, and lead to a disordered insulating state [208]. Such disordered states
are notoriously difficult to study theoretically, which makes them relevant tar-
gets for quantum simulators (QSs).

Alternatively, and experimentally maybe more straightforward, one can em-
ploy a periodical shaking of the optical lattice to invert the sign of the hopping
matrix elements [22,[209H2T1]. Using this, the group of K. Sengstock has already
realized frustrated hoppings [I7] (although in the weakly-interacting, classical
regime). We will describe in the next section, how such a lattice shaking can
achieve the desired sign change. A similar model as Eq. can also be realized
in ion traps with anharmonicities in the local trapping minima [202]. Hence, we
can expect exciting progress in this respect in the near future.

In the following, we will in particular analyze the frustrated model in
the extreme quantum limit of infinite repulsion U — oo and half filling (7;) = 1/2.
In this limit, the Holstein—Primakoff transformation

A o> SF1)2, (3.22)
D (3.2b)
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maps the Bose-Hubbard model to the S =1/2 XY Hamiltonian [212]

Hs =yt (5787 +57 Sjy) ) (3.3)
(i,4)

where S/* is the p™ component of the S = 1/2 spin operator acting on site
i. In two dimensions, frustrated spin models such as Eq. exhibit ground
states with spiral order, the magnetic counterpart to the aforementioned Bose-
condensed states with vortex arrays. In special circumstances, the interplay be-
tween quantum fluctuations and frustration may lead to disordered spin-liquid
states, which correspond to bosonic insulating phases. XY antiferromagnets
can also describe the physics of Cooper pairs in arrays of ultra-small Josephson
junctions [213], and they can be regarded as the limiting case of AFM Hamil-
tonians with planar anisotropy in the couplings, relevant to the description of
frustrated AFM materials

In the next section, we explain how the sign change and thus the frustra-
tion of the hopping matrix elements in Eq. can be achieved in optical-
lattice experiments simply by shaking the lattice. Then, as an example for
the exotic quantum effects expected due to frustration in the strongly interact-
ing regime, we discuss in Sec. [3.2] the ground-state phase diagram of the XY
quantum antiferromagnet on the spatially anisotropic triangular lattice (SATL).
There, we find several candidate regions for exotic quantum-disordered behav-
ior. In Sec. we study the experimentally relevant finite-temperature phase
diagram, on which the ground-state phases clearly imprint their properties. In
Sec. we show that a generalization of the model to the spatially completely
anisotropic triangular lattice (SCATL) can give valuable insight into the physics
and stability of the putative quantum-disordered phases. We summarize our
findings for these frustrated quantum spin models in Sec. The prospect of
observing these exotic phases makes the considered models important targets
for QSs. Finally, we discuss in Sec. the SATL in the limit of weak interac-
tions, which is relevant to current experiments with ultracold atoms. In that
section, we also provide some concluding remarks for this chapter.

2For a discussion of magnetic materials with Heisenberg interactions, see Chapter m
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3.1 Realizing the positive-hopping Hubbard mo-
del via shaking

As we explain now, a simple periodical driving of the optical lattice can invert
the negative sign typically associated with hopping matrix elements in optical-
lattice experiments, leading to the Bose-Hubbard model with frustrated
hopping. A publication of this discussion is in preparation [214].

3.1.1 The shaken lattice system

Consider a gas of ultracold neutral atoms subjected to an optical lattice potential
Viat (1) as well as to a uniform force F,(7) that for times 7 > 0 is time periodicﬂ

F,(r+T)=F,(1), (3.4)
with T' = T and that averages to zero over a period,

1 rT

ffo dr F, (1) = 0. (3.5)

The force has been switched on before 7 = 0 in some way, after the system had
been prepared at time 7,, 7, <0.

If the lattice is sufficiently deep, such that its band gap is large compared
to any other energy scale such as temperature, chemical potential, or frequency
and strength of the periodic forcing, it is justified to describe the system within a
Wannier-type basis comprising a single localized state ¢ at each lattice minimum
r;. Following the steps in Chapterleading to the Bose-Hubbard model ,
we can arrive at the driven Hubbard-type Hamiltonian [70]

ZtU lb+z%’fl1(ﬁ7—l)+21};ﬂ(7’)ﬁl (36)

Here, we assume bosomc particles described by annihilation and number opera-
tors b; and f; = b bz, respectively, acting on the lattice site z | For deep lattices,
the kinetics is exhausted by tunneling between pairs (ij) of neighboring lat-
tice sites, described by negative tunneling matrix elements —¢;; < 0. The second
term of the Hamiltonian comprises on-site interactions with strength U. Finally,

3We use 7 for the time variable to avoid confusion with the hopping matrix elements tij.
4The restriction to bosons is not crucial and the results of this section can easily be gen-
eralized to the case of fermions or mixtures of different particle species or spin states.
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the last term describes the time-periodic force in terms of the time-dependent
potential
vP(7) = —Fy(7) - 1i = Moy @(7) - 7. (3.7)

A convenient way to realize such a situation experimentally is to “shake” an
optical lattice along a time-periodic orbit @, (1), x,(7+T) = x,(7), such that
in the laboratory frame of reference the particles are subjected to the potential
Viat(r — (7)) [215]. As a consequence, in the reference frame co-moving with
the lattice, particles of mass M,; are subjected to the uniform inertial forceﬂ

Fw(T) = _Matziw(T)- (38)

We are interested in lattice shaking with frequencies on the order of the recoil
energy (up to a few kilo Hertz) and amplitudes on the order of a lattice constant
(a micron or less). Such a lattice motion can be achieved, e.g., via acousto-
optical modulators to control in a time-dependent fashion the detuning between
the different laser beams creating the optical lattice [17, 22, 216]. If the lattice
is created by retroreflecting laser beams at a mirror, the lattice motion can also
be achieved by mounting the mirror on a Piezo actuator and moving it back
and forth [215].

The Hubbard description is possible only in the reference frame moving
with the lattice. This simplification relies on the fact that the particles are
dragged with the minima of the deep lattice while the lattice is translated.
Particles can move relative to the lattice only via tunneling between the minima
of the deep lattice.

3.1.2 Tunnel modification by off-resonant shaking

To avoid undesired excitations and associated heating effects, we consider the
regime of off-resonant forcing, with the frequency large compared to the energy
scales given by both kinetics and interactions,

hw > |tij|,|U|, (39)

5For a single particle described by the wave function (r,7) and the Hamiltonian
2
h(r,7) = 72]1\2;1':

h - uhul - ihuat =

+ Viat(r — @), the transformation to the co-moving frame, 1 — w1 and

2
mﬁﬁ + Viag (1) — Mat@ - 7, is accomplished by the unitary operator
. =20/ . .
u = exp( - %ffoodT’ M“%(T) + 5 Mar@(T) - 7') exp(%z(T) ~p), with p = —ihV,.. The in-
teractions between many particles, depending on relative coordinates only, are not altered
when transforming to the co-moving frame.



3.1 Realizing the positive-hopping Hubbard model via shaking 49

while still being lower than the band gap, hw < Eg. At the same time, we allow
for strong forcing, with amplitudes K;; ~ hw that can be much larger than |U|
and |¢;;|. Here, K;; is defined as the amplitude of the potential modulations

Vi (7) =P (7) =05 (7) = Moy @(7) - 745 (3.10)

between two neighboring sites ¢ and j, with r;; = r; — ;.

At this point, it is instructive to perform a unitary transformation. If the
state [¢)(7)) describes the time-evolution of the system as it is determined by
the Hamiltonian (3.6), we can transform to a Dirac picture and “split off” the
time evolution as it would be generated solely by the forcing. Namely,

(7)) = U ()| (7)), (3.11)

with U, (1) = exp (- %/_;dTl'}:[w(T’)), where H,,(7) denotes the driving term
; V¥ (1)1, of the Hamiltonian (3.6). We introduce

Au(r) = - / " Fu (7)) = Mydoo (), (3.12)

where to evaluate the integral, we have used that, before the shaking has been
switched on, the lattice had been at rest, &,,(7,) = 0. Further, we define

1
X (7) = 7Ti A,(7). (3.13)
With this, we can write
CA/L;(T) :exp(—iZﬁix‘{’(T).) (3.14)
The time-evolution of |¢)'(7)) is then governed by the Hamiltonian
H (1) = UL(HT)UL(1) - ihUf(T)[d U (1)] (3.15)
= =Yt hih 4 %n(n -1), (3.16)

(ig) g

with phases
Xi (1) = X7 (1) = x5 (7). (3.17)
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The operator 0w(T) has a clear physical interpretation. Namely, it trans-
lates, in a time-dependent oscillatory fashion, all particles in quasimomentum
by Ap,(7) =-A, (7). Since

1 T+T
= f dr' Au(') =0, (3.18)

luse the definition of A, (7), Eq. (3.12), and @, (7 + T) = @,,(7)| the induced
momentum shift averages to zero in time. Equation is a consequence of
the fact that the forcing is created inertially by time-periodic lattice shaking,
starting from a lattice initially at rest, since we used the condition @,(7,) =0
to arrive at Eq. . The property turns out to be quite convenient.
Evaluating it for 7 = 0, and again using the definition , we can rewrite the

integral appearing in Eq. (3.18) as

f dr'F, (") f de dr'F, (7). (3.19)

We can incorporate this to be able to work without integrating over the switching
history (7, < 7 <0) and without specifying the way the force F,(7) is created,
simply by defining the unitary transformation (3.14) through [164]

A= TdT'Fw(T')+% A "ar A T4 FL (7). (3.20)

Under the assumption of off-resonant forcing, Eq. (3.9), we can now apply a
simple approximation to the dynamics generated by H'(7). The rate at which
the state [¢)'(7)) changes in time (defined as the rate at which occupations and
phases at a site i change) is determined by the amplitudes of the terms of H'(7)
and, thus, of the order of |t;;|/h or |U|/h. If the frequency w of the periodic
forcing is large compared to these rates, as assumed initially through Eq. ,
one can approximately integrate out the rapid oscillations of the hopping phase
factors e'Xis (") by averaging H'(7) over a period in time,

. 1 T+T . 1 T . .
H' (1) ~ T [7- drH'(7) = T [0 drH' (1) = Her - (3.21)

One finds
thjfbjb +Z nz(n,— : (3.22)
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the dynamics is described by an effective time-independent Hamiltonian that
possesses the form of the undriven Hubbard model, with modified tunneling
matrix elements

off Lot e
6 =ty /0 dr X5 (3.23)
Within this approximation, the time evolution of |[¢)(7)) is described by
[(7)) » U (7) exp(=iHenT/h)]1' (0)) - (3.24)

In Eq. (3.24)), we have achieved to separate the dynamics of the system on short
and long time scales. The state evolves slowly, on time scales determined by
tunneling t;‘;’ff and interaction U, according to the modified Hubbard Hamilto-

nian Heg. Superimposed to this non-trivial slow dynamics is the simple rapid
oscillatory translation of all particles in quasimomentum described by UW(T).

For sinusoidal forcing, the effective modification of tunneling as in Eq. (3.23))
has been pointed out in Refs. [2I7H2I9]. The derivation presented here takes
into account also the interactions among the particles, which are allowed to be
strong compared to the tunneling kinetics. The effective tunneling modification
through rapid forcing as presented here, can be derived in a more systematic
fashion using quantum Floquet theory [220]. The Floquet approach gives a
transparent account also for processes beyond the effective hopping approxi-
mation that become relevant when hw becomes comparable to ¢;; or U [221].
Moreover, it allows to study the response of the system to slow parameter vari-
ations.

Considering the special case of sinusoidal forcing of frequency w obtained by
shaking the lattice along the elliptical orbital

@, (1) = o cos(wT) + g sin(wT), (3.25)
Eq. (3.23) gives
5 =t Jo(52)- (3.26)

In deriving Eq. (3.26), we have used the relation exp(izsin(a)) = ¥52_ . e 7,(2)
involving Bessel functions J,. Moreover, from Eq. (3.10) we get v(7) =
Maa(7) -1y = K;j cos(wt — ¢;5), with

Kij = Mo /(e - 75)% + (@5 - 735)? (3.27)

and
@ij = atan (s -7 /Tc i) - (3.28)
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Equation predicts a strong modification of tunneling if the amplitude
of the forcing K;; becomes comparable to hw. Because of the off-resonance con-
dition this is the regime of strong driving, K;; > |U|,|t;;]; accordingly, the
Bessel-type dependence of tfjf-f on the amplitude K;; reflects the non-perturbative
influence of the forcing. The Bessel function Jy(z) possesses its first zero at
z ~ 2.4. Ramping up the strengths of the forcing K;;/hw towards this value,
the tunneling can be strongly suppressed. For even stronger forcing, crossing
the first zero, the hopping matrix element changes sign. Defining #;; = —tfjff
(> 0), this allows the promised generation of a Bose-Hubbard with frustrated

hoppings, Eq. (3.1).

The experimental control over this technique has increased considerably in
recent years. The Bessel-type modification of tunneling , including the
sign change, has first been probed successfully via the coherent expansion dy-
namics of a BEC in a sinusoidally-shaken, one-dimensional optical lattice [216].
It has also been observed with single particles in a shaken double well [222]. The
tunnel suppression described by Eq. has, moreover, been successfully used
as a tool to enter the regime of strong coupling and, in that way, to dynamically
control the transition of a bosonic SF to a Mott insulator [220, 223]. In the
context of frustrated magnetism, in the weakly-interacting regime of a triangu-
lar optical lattice, the sign change allowed observation of Bose condensation at
finite quasimomentum, spontaneously breaking time-reversal symmetry [I7]. In
the next section, we will discuss the exotic quantum behavior that can appear
— due to the sign change and resulting frustrated hoppings — in a triangular
optical lattice at strong interactions.

Finally, one can also interpret the unitary transformation ﬁw(T) as a gauge
transformation from a description in terms of the scalar potential V,(r,7),
represented by the discrete potential v (7) in the Hamiltonian (8.6)), to a de-
scription of the forcing by the vector potential A, (7) = fT;dT’ VeV (r, "),

represented by the Peierls phase factors e (7) attached to the hopping matrix
elements in the new Hamiltonian . We will exploit this interpretation in
Chapter [5] where we show that the associated Peierls phase can be used to
quantum simulate topological insulators and non-Abelian SU(2) gauge fields. A
first step towards the quantum simulation of gauge fields via lattice shaking has
been done in recent experiments in Hamburg [22].
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3.2 The quantum spatially anisotropic triangular
lattice (SATL) at 7=0

A particularly interesting model in the arena of frustrated hard-core bosons,
governed by Hamiltonian , is the spatially anisotropic triangular lattice
(SATL) with NN XY interactions (see Fig. [3.1b). This model is — besides be-
ing a paradigmatic model for frustrated quantum antiferromagnetism — relevant
to the experiments in Hamburg [I7]. In this section, we employ Takahashi’s
modified spin-wave theory (MSWT) [224] with ordering-vector optimization,
supplemented by ED and PEPS data, to compute the ground-state phase di-
agram of this model, which all give a consistent qualitative pictureﬂ We find
that the zero-temperature phase diagram includes a 1D quasi-ordered phase, a
2D Néel-ordered phase, and a 2D spiraling-ordered phase. Most notably, we
also find strong indications that the various ordered or quasi-ordered phases
are separated by spin-liquid phases with short-range correlations, in analogy
to what has been predicted for the Heisenberg model on the same lattice (see
Chapter [14.2.1)). In Sec. we will extend our results to the phase diagram at
low but finite temperatures which is relevant for realistic experiments. As we
will see, it is dominated by the ground-state behavior.

For coherence with the technique used — spin-wave theory — and for a better
comparison with existing results in the literature, this section will be generally
expressed in the language of spin physics, but guidance will be provided on how
to translate the magnetic observables into bosonic ones.

The rest of this section is organized as follows. In Sec. to form intu-
ition, we present the classical phase diagram and known results on the quantum
XY SATL at zero temperature. The following sections are devoted to analyz-
ing this model using MSWT, ED, and PEPS. First, in Sec. we discuss
various indicators from MSWT for quantum-disordered behavior. In Sec. [3.2.3]
we propose a complementary observable to distinguish ordering and spin-liquid
behavior using the ED spectra of small clusters. Then, in Sec. we char-
acterize the properties of the ordered phases in more detail. We connect the
description in terms of spin language to the original hard-core boson systems
in Sec. [3.2.5] where we also present MSWT predictions for time-of-flight pic-
tures. Finally, in Sec. [3.2.6] we summarize our findings on the ground-state
phase diagram of the SATL. The results presented here have been published in
Ref. [225].

%See Chapters and for explanations of these methods.
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3.2.1 Classical phase diagram and previous results

The frustrated quantum spin model on the SATL is characterized by the
parameter « = ty/t;, where t; = t,, denotes the bond strengths along the chains
and t; = f.,.w the bond strengths along the diagonals (black and red bonds,
respectively, in Fig. |3.1). This parameter interpolates between various qual-
itatively different regimes, namely an ensemble of decoupled one-dimensional
chains at « = 0, the isotropic triangular lattice at a = 1, and the square lattice
for ¢ - 0.

A good indicator for the potential ordered phases appearing in the quan-
tum SATL is given by the classical phase diagram. It can be obtained by
replacing the quantum-XY spins in Eq. by classical rotors in the xy-
plane. These classical spins show LRO at an ordering vector Q°! = ( ;1,62‘;1),
which is found as the k-vector that minimizes the Fourier transform of the cou-
pling strengths. It fixes the direction of each spin (up to a global phase) as
S;=5 (Cos(QCl -7;),sin(Q° - ri)), where in the SATL QZI =0 and

o 2arccos(—%), 0<ac<2
@ _{ 27, a>2 (3.29)

If we assume the spins to behave classically, the 2D-Néel order, present for o > 2,
starts to continuously deform into spiral order at « < 2 (compare Fig. ) This
spiral phase extends down to o = 0 where the chains decouple.

In Fig. 3:2b, we reproduce the quantum-mechanical phase diagram as pre-
dicted from PEPS calculations by Schmied et al. [202]. According to this study,
both the square lattice limit (a — o0) and the most frustrated case, the isotropic
triangular lattice (a = 1), display magnetic long-range order (LRO). In the limit
of decoupled chains (a = 0) the system displays quasi-LRO with algebraically
decaying correlations. However, similarly to what has been found in the Heisen-
berg model (see Chapter [14.2.1), the system seems to feature spin-liquid phases
with exponentially decaying correlations that intervene between different types
of order or quasi-order. Other distinct features of the quantum model due to
quantum fluctuations are the shift to considerably smaller values of a of the
transition between 2D-Néel and spiral order, and the extension of the quasi-
ordered 1D-like state over a broad region in the phase diagram.

In the following, we compute the MSWT ground-state phase diagram of
Hamiltonian , and compare its predictions with PEPS results and ED. The
following system geometries are considered for the three different methods:

e PEPS: a rhombic lattice of 20 x 20 = 400 spins with open boundary con-
ditions. PEPS is a generalization of the concept of MPS to higher di-
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Figure 3.2: (a) Classical ground-state phase diagram of the SATL with
sketches of the 1D state at a = 0, the spiral state at o = 1 and the 2D-Néel
state for & > 2. (b) Quantum mechanical phase diagram from Schmied et
al. [202], hosting spin liquids (SLs). (c¢) Cluster of 30 spins used for ED.
The 24-spin system is equivalent, only with the top and bottom rows removed.
The clusters are chosen for large symmetry with respect to reflection on the
axes and for a ratio of t2- (red) to t1-bonds (black) close to 2.

mensions. It has a refinement parameter controlling the precision of the
Ansatz, the bond dimension D. PEPS is a powerful numerical tool which
goes beyond mean-field theory, but for small D it accounts only partially
for the entanglement in the ground state (see also Chapter[12.2). This lim-
itation becomes particularly serious close to quantum phase transitions.
However, Schmied and coworkers demonstrated that D = 2, which we use
here, is already accurate enough to effectively capture the most relevant
physics of the system [202].

e ED: Lanczos diagonalization [226] of clusters of 24 and 30 spins (the latter
is shown in Fig. ), again with open boundary conditions (these are
necessary to allow for the accommodation of arbitrary ordering vectors).
More details can be found in Chapter [12.1]

e MSWT: rhombic lattices of 32 x 32 = 1024 and 64 x 64 = 4096 spins as well
as in the infinite-lattice (thermodynamic) limit under periodic boundary
conditions. We find that at these lattice sizes all quantities have essentially
reached the infinite lattice limit except, as it can be expected, in the one-
dimensional limit and at critical points. Although MSWT dresses a classi-
cally ordered state with quantum fluctuations, as is usual for a spin-wave
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Figure 3.3: Parameter regions where MSW'T breaks down (red) due to
the appearance of imaginary modes. These are candidate regions for quantum
disorder in the true ground state.

Ansatz, it formulates good predictions also for states with low ordering
tendencies such as quasi-ordered states. MSWT relies on a self-consistent
minimization of the free energy, which we improved by an optimization of
the ordering vector. Technical details can be found in Chapter

3.2.2 Distinction of spin-liquid candidate regions

As a first step in our analysis, we discuss in which parameter regions MSWT
suggests LRO and in which quantum disorder. To this, we first investigate
if there appear imaginary modes in the dispersion relation, which would indi-
cate instabilities. Afterwards, we study the order parameter My and the spin
stiffness.

Imaginary frequencies and breakdown of convergence

Convergence in the self-consistent equations of MSWT with ordering vector
optimization, Eqs. (14.11H14.13) and (14.16{{14.19), cannot be achieved in se-
lected regions of the ground-state phase diagram, namely for o < 0.18 and for
1.35 $ a < 1.66, as summarized in Fig. [3.3] (Interestingly, convergence is re-
stored in the pure 1D limit, « = 0, for which the theory formulates surprisingly
good predictions.)

This breakdown of convergence corresponds to the appearance of an imag-
inary part in the spin-wave frequencies, Eq. , signaling an instability of
the ordered ground state. The breakdown of a self-consistent description of the
system in terms of an ordered ground state is strongly suggestive of a quantum-
disordered ground state in the exact behavior of the system. Hence, one can
interpret these parameter regions as candidates for the spin-liquid phases pre-
dicted by PEPS calculations [202] (compare Fig.|3.2p).
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Figure 3.4: Order parameter. The MSWT order parameter My, Eq. ,
shows little size dependence (system sizes are given in the labels). The agree-
ment to ED and PEPS results [\/S (Q) /N from Eq. ([3.30)] for o ~ 1.66 indi-
cates that MSWT captures well the influence of quantum fluctuations in that
region. Here, it improves considerably over the order parameter from LSWT.
A large value indicates strong LRO, with the theoretical maximum being 0.5.

Order parameter and spin stiffness

A fundamental indication for the validity of spin-wave theories is generally given
by the order parameter for the magnetization My, Eq. (I4.15), and the spin
stiffness, Eq. (14.21). The influence of quantum fluctuations is strong where
these observables are small, and in such a case the primary assumption that
the system can be described by a semi-classical spin-wave state begins to falter.
Since MSWT only takes quantum fluctuations partially into account, a small
order parameter and/ or spin stiffness also suggests that the true quantum
ground state could be completely disordered. We display these quantities in
Figs. 3.4 and 35

To check the validity of MSWT, we compare the order parameter with results
from ED and PEPS calculations. In both cases, we can extract the ordering
vector @ as well as the order parameter M from the Fourier transform of the
spin—spin correlations, the static structure factor. For XY interactions, it is
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Figure 3.5: (a) Gaussian spin stiffness Y. (b) Components of the spin-
stiffness tensor. The mixed second derivative p., vanishes for symmetry
reasons. The inset in (a) is a zoom on the region of small «, showing the
smallness of T for o $0.35. The low values at a $0.35 and upon approaching
the region 1.35 $ a < 1.66 may indicate quantum disordered behavior in the
true ground state. The numbers behind the labels give the system sizes. The
curves labeled ‘partial,” obtained by Eq. , provide upper bounds on the
spin stiffness.
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defined as
S (k) = % > e W rim) (9757 4 SYSY) (3.30)
iJ
The ordering vector Q is the vector which maximizes S (k), and the order
parameter M is given by M =+/5(Q) /N, which in the thermodynamic limit
defines the magnetization of the system.

In the square lattice limit o — oo, the order parameter attains the value
My = 0.435 in the thermodynamic limit, which is very close to M = 0.437
as extrapolated from quantum Monte Carlo calculations [227]. For the spin
stiffness, Sandvik and Hamer [227] obtained pj/a = 0.270; MSWT returns the
only slightly larger value pj/a = 0.272. It appears that in this special case the
main quantum corrections are correctly captured by MSWT. The large values of
the order parameter (around 87% of the theoretical maximum) and of the spin
stiffness support the assumption that the classical picture remains essentially
valid in the large-a limit. Indeed, as the comparison to ED shows (Fig. [3.4),
MSWT is quantitatively reliable in the entire Néel phase (« 2 1.66).

In the spiral phase, the comparison is more problematic. While ED and
PEPS confirm the existence of an ordered spiral region for a around 1, the mag-
nitude of the order parameter appears to be largely overestimated by MSWT.
It seems implausible that the frustrated spiral phase (0.18 < o < 1.35) has an
order parameter which can be larger than that of the unfrustrated case of the
square lattice (a« - o0). In fact, around o » 1, MSWT only moderately im-
proves upon LSWT for what concerns the order parameter. This discrepancy
could be due to corrections to the spin-wave expansion of third-order in the
boson operators which our approach neglects, and which can become important
in spiral configurations [228]. Interestingly, in both regions of largest spatial
isotropy of the interactions, i.e., at large « (isotropic square lattice) and around
« =1 (isotropic triangular lattice), the order parameter M, coincides with that
of linear spin-wave theory (LSWT).

In the 1D-limit (a — 0), LRO disappears due to the Mermin—Wagner theo-
rem [229]. This is reflected in the breakdown of the order parameter M. Within
MSWT, the breakdown occurs already at a finite value of the inter-chain cou-
pling, o ~ 0.18 (note that within LSWT the order parameter vanishes only for
«a — 0). This coincides with the appearance of imaginary spin-wave energies
as discussed in the previous section. At small but finite o the spin stiffness
pyy essentially vanishes, which is characteristic of a 1D-like state that consists
of effectively decoupled chains. This finding suggests that the physics becomes
basically independent of the y-component of @ for o < 0.35.
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A single XY chain can be solved exactly by Bethe-Ansatz equations, and by
use of twisted boundary conditions one can obtain the exact solution for the
spin stiffness p,, = 1/7 ~ 0.318 [230]. Our MSWT result of p,, ~ 0.308 lies
surprisingly close. For one-dimensional models it is known that a non-zero spin
stiffness is accompanied by quasi long-range correlations with power-law decay.
The critical nature of the state in the 1D-like phase reflects itself also in the fact
that finite-size effects play an important role.

In summary, from the MSWT order parameter My we can derive a loss of
LRO at a £ 0.18, and the spin stiffness suggests a strong weakening of inter-
chain correlations already at o $0.35. The spin-stiffness also decreases strongly
upon approaching the parameter region 1.35 $ a $ 1.66. Together with the
appearance of imaginary spin-wave frequencies for a < 0.18 and 1.35 S« $ 1.66,
this strongly indicates the appearance of disordered phases in these regions.
The breakdown region of MSWT at 1.35 < a < 1.66, is only roughly consistent
with the one where PEPS calculations [202] indicate the appearance of a short-
ranged spin-liquid phase, namely 1.2 $ a $ 1.4. Nonetheless, it is tempting
to associate the breakdown of MSWT to this quantum-disordered phase. In
the rest of parameter space, magnetic LRO order seems to survive quantum
fluctuations.

3.2.3 Signatures of ordering and spin-liquid behavior in
the ED spectra of a small cluster

Before characterizing in detail the nature of the ordered phases, we derive now,
from the ED energy spectra of small clusters, a complementary signature for the
division of the SATL ground-state phase diagram into ordered and disordered
phases. The system Hamiltonian (3.3) commutes with the total magnetization
along the z axis, SI° = ¥, (S7), so that excited states can be classified on the
basis of this quantum number.

Figure shows (for a 24-spin cluster as described in Fig. ) the exci-
tation energies of the first excited states in each S'°* sector (up to Si°' = 11)
with respect to the minimum energy in each sector, Eo(S°*). The absolute
ground state is located at Fy(S°" = 0). Upon varying «, we observe a signif-
icant evolution of the low-energy spectrum of the system, which points at the
widely different regimes explored by the system. In particular, in the spirally
and Néel ordered phases — exemplified in Fig. by a =1 and a = 2, respec-
tively — in each S!°' sector there are a few states close to the minimum energy,
and separated from the other excited states by a large gap. According to a
standard ‘tower-of-states’ argument [231], these low-lying states are expected
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Figure 3.6: Spectra from ED on a 24-site cluster. For large a (exemplified
by « = 2), the spectrum in all magnetization sectors displays a low-lying state
that is well separated from the excited states. This behavior is typical of
phases that are ordered in the thermodynamic limit, where the low-lying states
of different S'°* collapse to the Néel-ordered ground state, and the higher-
energy states constitute spin-wave excitations. Similarly, around « = 1, two
closely-spaced low-lying states are separated from the higher-energy states.
Around a ~ 1.5 and below « ~ 0.7, the states are approximately equally spaced,
suggesting quantum disorder. Lower-right panel: the average maximal
level spacing, Eq. (3:31)), can be used to quantify this behavior. The low
values around a ~ 0.6 and a ~ 1.4 suggest disordered phases.
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to collapse to the ground state in the thermodynamic limit, giving rise to de-
generate superpositions of all S sectors, each breaking the U(1) rotational
symmetry of the Hamiltonian and displaying spiral or Néel order, respectively.
The higher-energy states instead will in the thermodynamic limit reproduce the
true excitation spectrum.

This tower-of-states feature is on the contrary absent in other regions of the
phase diagram, in which the energy levels in each S** sector are more homoge-
neously spaced. The absence of a low-lying multiplet of states separated from
the higher energy states is observed in models whose ground state is generally
considered to be a spin liquid [232]. We therefore introduce an observable aimed
at quantifying the extent to which the spectrum exhibits the expected features
in presence of spontaneous symmetry breaking in the thermodynamic limit. We
consider the average mazimal level spacing A, .y, defined as

- 1 Ns
Amax = m S;:_O miaX [Ei-%-l(S.EOt) - Ei(S;Ot)] ) (331)

i.e., the maximal level spacing in each S'°* sector, averaged over the Ng+1 =12
sectors considered. To extract it, we consider the lowest 10 levels E;(S%°"), which
captures the behavior of the low-energy part of the spectrum. The definition
of Apax is chosen so that it will be maximal in presence of a large separation
between the low-lying tower of states and the higher-energy spectrum, while it
will be minimal for homogeneously spaced levels in each sector.

As a function of a (see Fig. , Ammax has two pronounced minima, at
a~ 0.6 and o ~ 1.4. Remarkably, these correspond to the regions in parameter
space where PEPS calculations predict a spin-liquid phase [202] (see Fig. [3.2p).
Hence, the lack of the tower-of-states feature in the spectra of this small cluster
is consistent with the PEPS prediction for disordered phases.

3.2.4 Analysis of the ordered phases

To characterize the long-range ordered phases in more detail, we use the order-
ing vector, which is a measure for the predominant ordering tendencies, and the
chiral correlations, which witness spiral LRO. After introducing these observ-
ables, we will describe the different ordered phases in detail. As we will see,
MSWT indeed reproduces the main features of the phase diagram of Fig.
quite accurately.

In MSWT with ordering-vector optimization, the ordering vector Q (plotted
in Fig. 3.7, where without loss of generality Q, = 0) is a direct result of the self-
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consistent optimization. In ED and PEPS, it corresponds to the peak-position
of the static structure factor, Eq. (3.30). Three limiting values are known. Intra-
chain AFM order as occurring at « = 0 is described by Q = me,. Square-lattice
Néel order (as at large «) is described by Q = 2we,. In the isotropic lattice
(a = 1), the threefold symmetryﬂ leads to an ordering vector of Q = %’Tem.
The importance of optimizing the ordering vector is apparent in Fig. [3.7] when
comparing MSWT to the classical (and LSWT) curve.

Spiral phases carry not only a magnetic, but also a chiral order parameter.
In particular, a vector chirality [233] can be defined on an upwards pointing
triangle A and a downwards pointing triangle V with counter-clockwise labeled

corners (4,7, k) and (4,1, 7), respectively, as

2
K = ——[85;x8;+8;, xS, +8S, xS, 3.32a
A 3\/3[ J J k k ]z ( )
Ry = i[SiXSl-i-Sl><Sj+Sj><Si]z. (332]3)

3V3

Chirality correlations are then defined as [234]

U= ((ka = ky) (kar = vr)) (3.33)

where (A, V) and (A’, V') denote two pairs of neighboring triangles that share
a 71 edge. In Fig. we plot the average chirality correlation of the central
plaquette with all other plaquettes, normalized to the theoretical maximum 4/9.
The MSWT data have been obtained by expanding the chiral correlation up to
the fourth order in the Dyson—-Maleev boson operators [for technical details see
Eq. (14.3)], which is consistent with the truncation of the spin-wave Hamilto-
nian to the same order. Including higher orders might change the result
in regions where Mj is small. In particular, the unphysical negative values for
small a are an artifact of this truncation.

Transition from 2D-Néel to spiral order

Coming from the large-« limit, for all methods (MSWT, ED, and PEPS), the
wavevector associated with the dominant correlations (see Fig. jumps from
Q = 2me,, which is characteristic of the Néel phase, to a continuously varying Q,
which is characteristic of a spiral phase: for PEPS this occurs at «a » 1.4, for ED
at a ~ 1.44, and for MSW'T when traversing the breakdown region, i.e., between

“The ED and PEPS results deviate at a = 1 because the shape of the simulation clusters
(Fig. ) breaks the threefold symmetry.
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Figure 3.7: z-component of the ordering vector, Q.. MSWT (red) com-
pares well to ED (blue) and PEPS (light green), improving considerably upon
the LSWT values (black), which are equal to the classical ones. In particular,
MSWT reproduces the strong shift of the transition between spiral and Néel
LRO, and the weak dependence on « close to the 1D limit. The numbers in
the labels are the respective system sizes. The black circle marks the isotropic
spiral ordering vector, @, = 120°, at a = 1.

a = 1.35-1.66. Notably, in all three approaches Néel order persists to much
lower « than classically (a. = 2), since — due to order-by-disorder phenomena
[235] — quantum fluctuations generally stabilize states where spins are ordered
collinearly (see, e.g., Refs. [235] 236]). The onset of strong chiral correlations
(Fig. confirms that the new phase shows, indeed, spiral order.

The overlap [(a]t)o)| of the ground state with the 2D-Néel ordered state
of o = o0, as extracted from ED and plotted in Fig. lends further support
to the stabilization of Néel order due to quantum fluctuations: it remains at
large values down to the transition Néel-spiral at o ~ 1.44, where it drops to
essentially 0.

Persistence of 1D quasi-LRO up to finite inter-chain couplings

As discussed above, within MSWT the magnetic order parameter breaks down at
a =~ 0.18 (see Fig. and the spin-stiffness component p,,, practically vanishes
for £ 0.35 (see Fig. [3.5b). These findings indicate a transition, occurring at
finite inter-chain couplings, to a non-magnetic phase such as the one reproduced
in the one-dimensional limit o — 0. This is consistent with the ground-state
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Figure 3.8: Averaged chiral correlation normalized to the theoretical max-
imum 4/9. ED (blue), PEPS (light green), and MSWT (orange, dark green,
and red) consistently predict chiral LRO in a broad (but smaller than classical)
region around o = 1. The black dotted line is the classical result and the black
solid line is the classical chiral correlation that is obtained if for a given o the
Q of the MSWT calculation rather than Q' is used.
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Figure 3.9: The overlap of the ground
state at a with the 2D-Néel ground state
of a = 00, |[Wq-oo), is large for o 2 1.44, in-
dicating Néel order. The overlap with the
six-dimensional ground-state subspace of
a =0 is large for a $ 0.5, indicating a 1D-
like phase. Values from ED of the 30-spin
cluster.
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overlap \/¥%, |(wa|¢8)|2 to the subspace spanned by the six-fold degenerat

ground-states of o = 0, computed in ED, which remains very large (almost 80
percent) up to a ~ 0.5 (Fig.[3.9).

Other observables lend further support a quasi-1D phase at finite inter-chain
couplings. For example, the ground-state energy and spin—spin correlations
(not shown) approach the value of decoupled chains, and the chiral correlations
(Fig. drop strongly. Further, the ordering vector (Fig. [3.7) shows a very
weak a-dependence in the quantum case, contrary to classical results, which
exhibit a linear dependence on «. We note also that in the limit o =0, MSWT
produces surprisingly good results. For example, the spin—spin correlations devi-
ate from the exact results from a Jordan—Wigner transformation (see Sec.
only by 7.5%.

As we discuss in Chapter [[4.2] in the same lattice with Heisenberg interac-
tions, recent works found the persistence of spiral order for all finite inter-chain
couplings a > 0 [237, [238]. Since quantum fluctuations are more effective for dis-
rupting order in the Heisenberg model, we would expect a fortiori that also in
the XY spiral order persists for all & > 0. However, the findings of Refs. [237], 238]
are disputed [239H242]. In particular, our results presented in Chapter
suggest otherwise. Still, these considerations show that the existence of such a
quasi-1D phase is a subtle issue.

3.2.5 Momentum distribution of the hardcore bosons

We now wish to make contact with possible experimental observation of the
ground-state phases described above. In the introduction to this chapter, the
S =1/2 spin Hamiltonian resulted as a convenient description of a system
of infinitely repulsive bosons at half filling. Hence, it is important to match spin
observables with their physical bosonic counterparts. To this, one simply has
to invert the Holstein-Primakoff transformation (3.2) ]

The most important observables can now be translated as follows. A non-
zero magnetic order parameter M, implies the appearance of off-diagonal LRO

8This degeneracy is due to the particular geometry of the 30-spin system (Fig. ). At
«a =0, the even chains are in a singlet while the four odd chains may each be in a state with
total spin £1/2, leading to a degeneracy of 2%. Restriction to the (physical) states with total
magnetization Y ; (S7) = 0 reduces this degeneracy to a six-fold one.

9For comparison with spin-wave results, one has to take note that the lowering and raising
operators appearing in the Holstein—Primakoff transformation are defined with respect to the
z axis, in contrast to the raising and lowering operators used in the spin-wave calculations
(see Chapter. [14.1) which act with respect to the quantization axis of a twisted coordinate
system, Eq. (14.2).
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Figure 3.10: Momentum distribution of a half-filled gas of frustrated
hardcore bosons [corresponding to the spin structure factor S(k)|, marking
the crossover from 1D-like behavior (small @) to spiral LRO (a » 1), and to
square-lattice Néel order (« > 1.66). The data (on a logarithmic color scale,
scaled to the number of sites) result from a MSWT calculation on an 18 x 18
lattice. The black hexagon marks the first Brillouin zone and the black cross
its origin.

in the bosonic one-body density matrix,
(b1b;) "
The ordering vector @ corresponds to the momentum at which condensation
occurs. The condensed state in the spiral phase is characterized by a pattern of
persistent currents forming a crystal of vortices, whose geometrically correlated
structure is captured by the spin chirality. Finally, the parallel spin stiffness
p|| = (pze + pyy) /2 corresponds to the superfluid density of the bosons, ps = p/S.
The most common observable in cold-atom experiments is the momentum
distribution, measurable, e.g., in time-of-flight (ToF) images as explained in
Chapter Neglecting the trivial Wannier envelope, Eq. becomes

ny (k) 1
N N

M§ cos(Q-714j) . (3.34)

Ze—ik.(m—rj) (b7b;) = S (k) , (3.35)

.3
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i.e., for hard-core bosons, the ToF momentum distribution measures the static
structure factor of the associated S = 1/2 spins. Figure shows the
MSWT prediction for the momentum distribution at various a values, spanning
all the condensation regimes of the bosons at zero temperature. At o =0 (not
shown), the system displays quasi-condensation at finite momenta along the
uncoupled chains, resulting in vertical ridges at @, = +7 in the momentum dis-
tribution. These ridges corrugate as the interchain coupling increases, and true
condensation peaks emerge in reciprocal space, corresponding to a condensate
state which supports a crystalline vorticity pattern. As seen by combining Eqgs.
and , the peak height (normalized to the number of sites) is given
by the square of the order parameter M. For o = 1, these peaks are located at
the six corners of the first Brillouin zone. For « < 1, the peaks are elongated in
the y direction, while for a > 1 they are elongated in the z direction, witnessing
the spatial anisotropy of the lattice. This situation persists up to the breakdown
of MSWT at a = 1.35; after recovery of the theory at o = 1.66, the momentum
distribution shows condensation at the four corners of the Brillouin zone of a
(deformed) square lattice, defined by the dominant diagonal bonds of the SATL.

3.2.6 Summary

Before proceeding to the finite-temperature analysis, let us summarize the main
features of the zero-temperature phase diagram obtained via MSWT with Q-
vector optimization. The region where the system behaves like an ensemble of
decoupled chains is extended to considerable inter-chain interactions. The order
parameter indicates that inter-chain correlations set in at « » 0.18; the spin
stiffness suggests that an effective decoupling of the chains may even persist
up to a »~ 0.35. At larger «, the system crosses over to a spirally-ordered
phase that persists up to o ~ 1.35, where MSWT breaks down, suggesting a
quantum disordered ground state. At a ~ 1.66, MSWT finds again a self-
consistent solution, this time corresponding to a 2D-Néel state.

These results are consistent with the PEPS phase diagram of Fig. and
ED calculations. Especially the persistence of 1D behavior to surprisingly large
values of a, the stability of spiral LRO against quantum fluctuations, and the
extension of 2D-Néel LRO to much smaller values of « than classically are repro-
duced. Further, the indications for quantum disordered behavior are consistent
with the PEPS results and signatures from ED, which suggest several spin-liquid
phases. However, there are some deviations, which are generally to be expected
from a spin-wave approach. In particular, MSWT appears to overestimate the
range of the ordered phases.
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Two improvements to MSWT have proven to be crucial: First, the mini-
mization of the free energy with respect to @ in the self-consistent equations
has enabled us to describe to a surprisingly satisfactory level the considerable
shift of the ordering vector by quantum effects. Second, the Gaussian spin
stiffness, detecting regions with weak ordering tendencies, serves to detect pa-
rameter values where spin-liquid behavior may appear in the true quantum
ground state. While MSWT cannot determine the properties of such disordered
phases, it provides a fast and clear method for finding candidates for disordered
behavior. This method can therefore serve as a guide in our search for interest-
ing quantum-mechanical lattice models which require an experimental QS for
further study of their phase diagram.

3.3 Finite-temperature phase diagram

Since real-world experiments are never carried out at exactly zero temperature,
we now investigate how the phase diagram of the XY SATL translates to finite
temperatures. To do this, we make use of MSWT in the thermodynamic limit.

At finite temperatures, continuous symmetries cannot be spontaneously bro-
ken in two dimensions [229, 243]. Therefore, in agreement with Berezinskii—
Kosterlitz—Thouless (BKT) theory, we find for the XY SATL that zero-tempera-
ture long-range-ordered phases turn into quasi-ordered phases (up to a BKT
transition temperature), while zero-temperature quasi-ordered phases become
short-range correlated at finite temperature. At the BKT temperature Tk,
the system undergoes a topological phase transition from quasi-LRO to an expo-
nential decay of correlations, involving the unbinding of vortex—antivortex pairs
[244-246]. The existence of a BKT transition in the XY model is in contrast
to the Heisenberg model, where vortex excitations are not topologically stable
[246], precluding a BKT transition.

The possibility of observing the BKT transition is a particular advantage of
MSWT. In contrast, LSWT predicts a stable BKT phase with algebraic order
at arbitrary temperatures. The non-linearities contained in MSWT allow the
disruption of quasi-LRO and the transition to the short-range-ordered phase.
However, vortex—antivortex excitations are not explicitly present in the theory,
preventing an accurate estimation of Tgg.
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3.3.1 Spin—spin correlations

An important observable for the analysis of a temperature-dependent phase
diagram is the two-point correlation function

Cij =(S7 S} + 57857} [cos (Q - 745) - (3.36)

In our analysis, we focus on C,, -, and C,, -, where m is a positive integer, and
71 =(1,0) and 75 = (1/2,V/3/2) are the lattice vectors. The behavior of Cy, r,
captures the intra-chain correlations, while that of C,,r, describes inter-chain
correlations.

To locate the BKT transition, we calculate the residual sum of squares
R=3, [Cm.,.L2 —f(mTLg)]Q for an exponential f(r) = Ae"/¢, where £ is
the correlation length, and an algebraic fit f(r) = A/r". We fit these functions
to correlations over distances of m = 3...15 lattice spacings. (The increasing
computational time with distance between spins limits the distances reasonably
reachable.) We identify a BKT transition where the R’s of the exponential and
the algebraic fit become equal. This gives a rough estimate of the transition
temperature. Where we give numerical values, these are from averages of the
fits to Cy -, and Ch,1,.

Figure [3.11] shows representative log—log plots of the correlation function
Cmr, at a = taft; = 0.7 and « = 100 (where the ground states show spiral
and 2D-Néel order, respectively) for several temperatures. In these plots, alge-
braically decaying correlations correspond to straight lines. In the entire param-
eter range of the spiral phase, a clear transition from algebraic to exponential
decay occurs at the computed BKT temperature. On the contrary, at « = 100
we cannot find such a clear transition. Rather, the curves acquire a curvature
fairly continuously. To check how the suggested BKT line changes when tak-
ing correlations to more distant spins into account, we exemplarily computed
spin—spin correlations for o = 100 up to distances of 64 lattice spacings. The
transition temperature of TpkT/(t1 + 2t2) = 0.134, is lowered by approximately
15% from what is obtained if distances only up to 15 lattice spacings are con-
sidered. In light of the approximate nature of MSWT, we find that this level
of precision is satisfactory. In the spiral phase, due to the more abrupt change
in the behavior, one can expect the change in the transition temperature when
including larger distances to be even smaller.

Further, we can find from the correlations the temperature at which the
MSWT formalism breaks down. This temperature is characterized by the com-
plete loss of all correlations, even to the NN. This behavior, occurring at tem-
peratures on the order of the coupling strength, is clearly an artifact of the
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Figure 3.11: Intra-chain correlations C,-,, (a) for a = 0.7, and (b) for
a = 100 (on a log-log scale). From top to bottom, the lines correspond to
the normalized temperatures (a) T'/(t1 +2t2) = 0.064...0.078 in steps of 0.002,
and (b) T'/(t1+2t2) = 0.068...0.164 in steps of 0.016. The line closest to Tk
calculated from MSWT data is bold. Above the bold line (lower temperatures),
the curves are approximately linear, witnessing algebraic correlations, while
the downwards curvature at higher temperatures indicates exponential decay.
In (b), the maximal distance m has been increased to 64 to check how the
estimated transition temperature depends on it. The change of only about
15% is a satisfactory level of precision.

method, since in real systems the complete loss of correlations occurs only at
extremely large temperatures where spin—spin interactions become negligible.
Interestingly, in the domain « close to 1, where frustration is largest, it occurs
at the lowest temperatures.

3.3.2 The phase diagram

In this section, we present the finite-temperature phase diagram of the SATL
obtained via MSWT with ordering vector optimizationm Our calculations en-
counter convergence problems for too low temperatures (when the chemical
potential becomes smaller than the accuracy of our numerical integrations).
Depending on the parameter region, the lowest temperatures for which proper
convergence could be achieved vary from less than one-tenth of a percent to
several percent of the coupling strengths. This pathology is not observed at
T =0 (as calculated in section , because there the chemical potential van-
ishes exactly, allowing a special treatment of the zero-mode [see Eqgs.
and ] We typically calculated down to T'/(t1 + 2t2) = 0.025, which seems

10Ty the following, we set the Boltzmann constant kg to unity.
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sufficiently low to connect the results smoothly to the zero-temperature phase
diagram. The breakdown of the calculations for too low temperature can be
clearly seen in Fig. [3.13] which displays the phase diagrams obtained from sev-
eral observables.

Before discussing these results, we first present a summarizing sketch of the
phase diagram in Fig. where we introduce labels for the occurring phases
for reference in the following discussion. Table lists the main properties
of these phases. In short, at small «, there is a phase with properties similar
to the algebraic 1D-Néel-like state found at 7" = 0 but with exponential decay
of intra-chain correlations (phase A). Further, the phase diagram contains two
quasi-LRO regions: a region at intermediate « corresponding to spiral quasi-
LRO (phase B), and another region at large o which is characterized by Néel
quasi-LRO (phase D). These phases undergo BKT transitions to similar phases
with short-range order, phases C and E, respectively. Moreover, between them
lies a region where imaginary frequencies occur in the spin-wave dispersion,
which can be interpreted as an indication for an extremely short-range-ordered
phase (phase F). This general structure of the phase diagram is supported by
all the observables we investigate. At large T, MSWT breaks down and does
not allow any interpretation (region G).

A natural starting point for an analysis of the temperature-dependent phase

diagram is given by the respective ground-state phases. We proceed from small
to large a.



3.3 Finite-temperature phase diagram

73

T/ (Hh+21)

o
=

T/ (t+2 1)

[4j]
~

T/ (th+2 1)

2 0.2
a
=
=
0
30 o
Entropy 0.96 h) A(+2 1) 02

T/ (t+2 1)

2.0

2.5

3.0 o 30 o

Figure 3.13: Observables characterizing the finite-temperature phase
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and T'/ (t1 + 2t2). Points mark the BKT transition for 71 = (1,0) (red) and for
Ty = (1/2, \/3/2) (orange), identifying the transition from quasi-LRO to SRO
(computed through the two-point correlations Cpr, ,); also shown are the
temperature where inter-chain correlations disappear, witnessing a transition
to a 1D-like phase (yellow), and the breakdown temperature (blue). In the
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Phase Qs decay of correlations
(A)  1D-like SRO ™ intra-chain: exponential
inter-chain: uncorrelated
B Spiral quasi-LRO T<Qy<2m algebraic
C Spiral SRO T< Q. <2m exponential
D 2D-Néel quasi-LRO Q=27 algebraic
E 2D-Néel SRO Qg =2m exponential

Unstable (imaginary modes) — —
Breakdown of theory — no correlations

/\/\/\/\/\/\
—_— N Do

[oRes

Table 3.1: Parameter regions of the finite-temperature phase diagram
of Fig. B:I2] We distinguish mainly between phases with quasi-LRO, i.e.,
algebraic decay of correlations, and phases with SRO, i.e., exponential decay
of correlations. Moreover, two regions are listed where the MSWT formalism
ceases to be applicable, (F) and (G).

(A) 1D-like phase

At finite temperature, the 1D-like quasi-ordered ground-state phase for which we
found strong indications below « ~ 0.18 becomes a short-range-ordered phase.
It is characterized by the ordering vector (7,0) (Fig.[3.13p) and vanishing cor-
relations between neighboring chains already at low temperature (Fig. [3.13p).
Nearest-neighbors on the same chain are anti-correlated (Fig. m), and the fi-
nite gap for all T > 0 (Fig.[3.13h) implies exponentially decaying intra-chain cor-
relations [247], consistent with the expected finite-temperature behavior above
a ground state with quasi-LRO. In this phase the inter- and intra-chain correla-
tions behave qualitatively differently. In the rest of the phase diagram they fol-
low the same pattern, since in a truly two-dimensional structure the correlations
in one direction typically cannot disappear without affecting the correlations in
the other one.

The assumption that this low-a phase really describes decoupled chains is
reinforced by the component pgzmal of the spin stiffness (Fig. @), which
vanishes in this region, implying that the order properties along the y-direction
are arbitrary.

It is remarkable that, with increasing temperatures, this phase is preferred
over the quasi-ordered spiral phase. In the ground-state phase diagram, we have
seen that quantum fluctuations stabilize 1D-Néel quasi-order. The same mech-
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anism is at work here: collinear spin correlations are stabilized by fluctuations,
in this case thermal ones.

(B and C) Spiral phases

At intermediate inter-chain couplings, 0.18 < « < 1.35, and low temperature
we find a spiral phase with magnetic quasi-LRO (phase B). It can be seen as
the finite-temperature continuation of the spirally-ordered ground-state phase.
At larger temperatures, a BKT transition to a phase with a spiral ordering
vector but with an exponential decay of correlations occurs (phase C). At large
«, phase B is delimited by region F, where imaginary spin-wave frequencies
appear. For « slightly smaller than one, there appears a transition from phase
B to a narrow strip of phase C, almost immediately followed by a transition to
phase A. For smaller «, the transition between B and A may actually be direct,
since the extent of phase C becomes extremely small in temperature, but the
finite resolution of our data does not allow us to unambiguously identify this.

At the isotropic point a = 1, the BKT transition from B to C is approxi-
mately located at Texr/(t1 + 2t2) = 0.0836. Quantum effects lower the transi-
tion temperature considerably from the classical value TSk 1/(t1 + 2t2) = 0.165
(from classical Monte Carlo simulations [248]). A pure-quantum self-consistent
harmonic approximation, developed by Capriotti and coworkers [249], gives
Texr/(t1 + 2t2) = 0.0625. The fact that MSWT produces a significantly higher
estimate is not surprising given that the method of Capriotti et al. [249] takes
vortex—antivortex excitations explicitly into account while MSWT does not.
Also, it is well known that mean-field theories typically overestimate transition
temperatures [83].

We note also a strong drop of the BKT transition temperatures around
a ~ 0.4. In Fig. this is marked by a dashed line which separates phase
B from a phase B’ with similar properties. We believe that this behavior is a
numerical artifact and that in fact B and B’ constitute a single phase.

(F) Spin-liquid candidate region

At the large-« side of the spiral phases, we find a region where the spin-wave
dispersion acquires imaginary modes. With increasing temperature, the width
in « of this region stays approximately constant, but it moves to smaller «,
leaving space to the collinear short-range-ordered phase (E). The spin-stiffness
decreases upon approaching this region, which could be interpreted as a further
precursor of a short-range-ordered phase.
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This region where MSWT predicts an instability extrapolates well down to
the suspected T = 0 spin-liquid phase at 1.35 $ o $ 1.66. Given that at 7' =0
MSWT breaks down at a putative spin-liquid phase due to its lack of order,
a fortiori one can expect MSWT to break down in the same parameter range
at finite temperatures, because in that case the theory would be required to
describe not only the ground state but also the excitations on top of it.

(D and E) 2D-Néel states

As expected from BKT theory, with increasing temperature the 2D-Néel ground
state first changes into a low-T" quasi-long-range ordered phase (phase D), which
at a temperature Tpx undergoes a transition into a high-T short-range-ordered
phase (phase E). Both are characterized by an ordering vector at the 2D-Néel
value @ = (2m,0). Furthermore, neighboring spins which share a diagonal bond
are strongly anticorrelated whereas neighboring spins which lie on the same
chain are positively correlated.

The square XY lattice, which is reached as a = ty/t; - oo, has been ex-
tensively studied in the past. The classical BKT-temperature Tgy 1 /t2 = 0.695
(classical Monte Carlo simulations [250]) is in the quantum limit significantly
lowered to Trxr/t2 ~ 0.35 (QMC [251], 252]). Our MSWT results yield a BKT
temperature of Tgkr/t2 ~ 0.27 at o = 100, where the system has practically
reached the square lattice limitB Once again, this disagreement is not surpris-
ing, given that MSWT does not account properly for vortex—antivortex excita-
tions. In particular, the BKT line for o > 1.6 is not very distinct, as explained
in the discussion of Fig. [3.11p. Therefore, its quantitative value should be in-
terpreted with caution. However, the qualitative behavior of the phase diagram
seems to be described correctly.

3.3.3 Observables distinguishing between LRO and SRO

In the following, we turn to observables which help to distinguish between dif-
ferent strengths of order (i.e., quasi-LRO wvs. SRO), in particular the partial
Gaussian spin stiffness TPl the entropy, and the gap A.

The interpretation of these observable is as follows. The entropy, which can
be computed via Eq. (14.5)), is large in phases with strong tendencies towards
order. The partial Gaussian spin stiffness, in contrast, is large in phases with
strong order, as it measures the resistance of the system towards deformation

LAt this value of a we computed the correlations to spins as far as 64 lattice sites away,
contrarily to the rest of the phase diagram, see Sec. [3.3.1}
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Figure 3.14: (a-b) Gap A.

(c-d) Occupation of the zero mode ngg.

A large A and small ng-o mean fast decay of correlations. The vertical lines
denote the BKT transitions computed from the decay of correlations Ch, -,
(red dot-dashed) and from C,, -, (orange long-dashed). The breakdown tem-
perature is represented by a solid blue vertical line, and the temperature where
inter-chain correlations disappear by a dotted, black one [in (b) and (d), these

coincide|. Capital letters refer to the phases of Fig.

of the ordering vector. Indeed, as can be seen in Fig. 3.13g, the entropy is
smallest in the low-temperature spiral and 2D-Néel phases (B and D), a behavior
consistent with the quasi-ordered character of these phases. Correspondingly,
yrartial (Fig [3.130) is large in these regions.

The gap A = wg-g of the spin-wave dispersion is another useful measure
for the strength of order. It is directly imposed by the chemical potential u

[see Egs. (14.12) and (14.13)], and its magnitude determines the rapidity of the

decay of correlations: a finite (vanishing) gap leads to exponential (algebraic)
correlations [247]. Hence, in principle, the onset of a gap at finite temperatures
corresponds to the occurrence of a BKT transition. In reality, within MSWT,
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we observe typically a very gradual thermal onset of the gap, and it does not
provide a clear identification of the transition, as can be seen in Figs. [3.14p
and b, where we report the gap for two representative values of «. This ob-
servation can be understood on the basis of a well-known fact: the chemical
potential of the half-filled Dyson—Maleev boson gas, which determines the ex-
istence of a gap, cannot vanish at finite temperature because of the absence of
Bose-Einstein condensation in two dimensions. As a consequence, we find a
finite gap at any finite temperature, and the correlations decay exponentially
at long distances. This implies that, strictly speaking, MSWT is not able to
describe the BKT transition. However, for temperatures much lower than the
BKT transition the gap is extremely small, being below our numerical precision.
For all practical purposes, such a small gap entails a decay of correlations which
is not distinguishable from an algebraical decay. Moreover, in a selected region
of the phase diagram (corresponding to the spiral phase) the gap is seen to in-
crease drastically around the estimated BKT transition temperature (Fig.
and Fig.[3.14h), and correspondingly the correlation function decays much more
rapidly above that temperature. Hence, we conclude that MSWT still accounts
for one of the most salient features of the BKT transition, namely a discontinu-
ous behavior of correlations as the temperature is increased. Notably, whereas
in the spiral phase the gap displays a sharp increase right above the BKT tran-
sition (Fig. [3.14h), it evolves smoothly through the BKT transition in the Neel
phase (Fig.).

We also note that in all phases, A increases sharply (accompanied by a
sharp drop of YPatal) at the breakdown temperature, where correlations are
completely lost. Finally, in phase A, we find that the gap is almost a linear
function of temperature up to very close to the breakdown temperature (this is
better visible for smaller of values « than the one shown in Fig.[3.14h). This is
typical of critical systems, where the temperature gives the only energy scale.

Neither entropy, spin stiffness, nor gap present a sharp change at the BKT
transition. However, the contour lines of all of these seem to be consistent with
the shape of the TgkT curve as derived from the correlation functions.

We get further insight into the strength of correlations from the occupa-
tion of the zero-mode ng—g. It takes the role of the order parameter M, of
the zero-temperature phase diagram when finite temperature prevents Bose
condensation. Since, due to constraint (14.10), the average mode occupation
Yene/N =S is fixed by the spin length, all spin-waves which are not in the
zero mode have to occupy excited modes. Since these have a finite k vector,
their interplay tends to destroy the order of the classical reference state given
by the ordering vector. Conversely, a large occupation of the zero mode implies
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small occupations of excited modes and, therefore, stronger order.

In Figs. and d, we show examples for the evolution of ng-g with temper-
ature for two values of «. Similar to what was seen for the gap, at the transition
between phases C and A, ng-o drops from extremely large values to the order
of 1 (Fig. ) After the drop, it changes only slowly with 7. The behav-
ior of ng-o is different for the 2D-Néel phase (Fig. [3.14d). At the BKT line
that we extracted from the two-point correlation functions C,, -, and Cp, r,,
ng-o decreases strongly but smoothly. Up to the breakdown point, however,
its values are still several times larger than in the 1D-like phase A, indicating
stronger order tendencies. The strong decrease supports our identification of
the BKT transition; but the smoothness of ng_q also shows the reason why the
observables of Sec. [3:3.3] could not point out a sharp transition.

3.3.4 Summary

In summary, the finite-temperature phase diagram is a natural extension of the
ground-state phase diagram. Zero-temperature LRO (quasi-LRO) is reflected in
finite-temperature phases with quasi-LRO (SRO), and at temperatures below a
few percent of the coupling strengths, the main characteristics of the ground-
state phase diagram are retrieved. These contain a short-range 1D-like phase
(A), and two quasi-ordered phases, one with spiral properties near the isotropic
triangular limit (B), and one with 2D-Néel-like characteristics at large values of
« (D). These are separated by a potential spin liquid (F). This last phase was
identified by (i) the lowering of the spin stiffness as it is approached, and (ii)
the breakdown of MSWT, which indicates that the assumption of an underlying
ordered state is invalid.

Further, we have given a rough estimate for TgkT. In our results, the BKT
transition is clearer for the spiral phase than for the 2D-Néel phase. Although
the results are to be interpreted only semi-quantitatively because MSWT does
not explicitly account for vortex-antivortex excitations, we have found agree-
ment in the magnitude where estimations from other methods exist.

3.4 The quantum spatially completely anisotropic
triangular lattice (SCATL) at 7'=0

In the previous sections, we found strong indications for spin-liquid behavior
in the SATL. Initially, spin liquids were assumed to appear at strongest frus-
tration, but as we saw, they seem to rather occur at transitions between two
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SCATL associated square lattice

Figure 3.15: Geometry of the SCATL. The spins (gray bullets) are coupled
to NNs along the lattice vectors 71,2,3 by the couplings f.,.l =t, f.,-z =t', and
tr, = t", which can all be mutually different. The right part of the figure
illustrates the associated square lattice. The shown geometry is the one used
in the ED of the 15-site system, chosen for maximal symmetry between all
three couplings.

different types of order. It appears plausible that at these points quantum
fluctuations are most effective in disrupting classical order. Indeed, in classi-
cal statistical physics, thermal fluctuations typically suppress short-range order
most effectively just above (i.e., at higher temperature) a transition between a
commensurate and an incommensurate phase, a concept which is known under
the name disorder point [253-256]. To identify if it is a more general behav-
ior that spin liquids appear at the transition between two phases of different
order, we analyze now a generalization of the SATL, the spatially completely
anisotropic triangular lattice (SCATL) with AFM XY interactions. Here, the
tunneling matrix elements ¢;; = t,t’,t" [see Eq. (3.3)] along all three lattice
vectors are different (Fig. [3.15).

The SCATL is interesting for two reasons. First, from an experimental point
of view, it is relevant for studying the sensitivity of the spin-liquid phases pre-
dicted in the SATL towards imperfect lattice shaking, i.e., shaking which does
not create two perfectly equal couplings. Second, from a more fundamental
point of view, this model allows to investigate in a more general setting under
which circumstances spin liquids appear. As we will show, also in the SCATL
spin liquids do not occur at largest frustration but instead intervene in the tran-
sition between phases with different type of order, meaning that the spiral phase
is completely surrounded (in terms of anisotropy of the couplings) by gapped
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spin liquids. This suggests that the two — supposedly different — gapped spin
liquids appearing in the SATL (compare Fig. [3.1p) could actually be contin-
uously connected! As these results indicate, the additional anisotropy of the
SCATL, allowing to approach spin liquid phases from different angles, can give
fundamental insight into the nature of quantum disordered phases.

Ultracold-atom experiments as by Struck and coworkers [17] and trapped-
ions implementations after the proposal by Schmied et al. [202] can easily be
generalized to this situation by choosing an elliptical driving orbit or a preferred
direction of ion vibration, respectively, that is not parallel to any of the sides
of the triangular plaquettes. In Fig. [3.I5] we also sketch the associated square
lattice with an interaction along one of the diagonals. We will work in the latter
one, to simplify the interpretation of our results. The SATL is retrieved at the
lines '/t =1, "/t =1, and ¢’ = t"".

The rest of this section is organized as follows. First, to give an overview over
the ordered phases that one can expect in the quantum SCATL, we discuss the
phase diagram of its classical counterpart (Sec. . Section contains
the discussion of the quantum-mechanical ground-state phase diagram of the
SCATL, including various observables from MSWT and ED, as well as, for a
possible comparison to experiment, the expected boson momentum distributions
at selected points of the phase diagram. We will summarize our findings in
Sec.[3-5] where we put them in a wider context of frustrated XY models. The S =
1/2 AFM SCATL with Heisenberg interactions, motivated by recent experiments
on magnetic organic salts, is treated in a similar way in the Chapter The
results presented in this section can be found in the preprint Ref. [257].

3.4.1 Classical phase diagram

The classical phase diagram of the SCATL can serve as a guide to what ordered
quantum phases are to be expected, and it allows to appreciate the changes
brought about by quantum fluctuations. In the square lattice associated to the
SCATL, we obtain the classical ordering vectors

t t’ tt’

s fOr 5y T 91 + 5172 < 1
1 t t’ tt’
Q(; = 0 fOr T oy T 9 + 5¢172 > 1 (337&)
t t’ tt’
arccos | — 557 — 57 + 5 else
t t// tt”
m for T ﬂ 2472 <1
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Q¢

t'/t

Figure 3.16: Classical phase diagram of the SCATL, ordering vector.
We find three Néel-ordered and an extended spiral-ordered phase, as indicated
by the labels in the left panel. The limits where the system decouples into an
ensemble of independent chains are labeled “1D.” The thick red lines denote
transitions between different kinds of order, and along the dashed black lines
the system is in the SATL limit.

The resulting classical phase diagram of the SCATL, plotted in Fig. [3.16}
contains several Néel-ordered phases and an extended spiral-ordered phase. The
Néel phases spread around the square-lattice limits (¢'/t,t”/t) = (1,0) with
Q° = (0,7), (t'/t,t"[t) = (0,1) with Q' = («,0), and '/t,t" [t > 1 with Q' =
(m, 7). The spiral phase, with continuously varying ordering vector, connects
smoothly to the Néel phases, and occupies the extended region between them.
In particular, it extends down to t'/t = ¢/t = 0 |and, symmetrically, to (¢'/t =1,
t"[t - o0) and (¢ [t = 1, ¢' [t - o0)|, where the system decouples into an ensemble
of 1D chains.

3.4.2 Quantum-mechanical phase diagram

Now, we turn to the quantum-mechanical ground-state phase diagram of the XY
SCATL. To compute it, we use the MSWT supplemented with ordering-vector
optimization, as explained in Chapter working directly in the thermody-
namic limit. We compare these results to ED of a 15-site lattice, the geometry
of which, depicted in Fig. is chosen for its symmetry between t, ¢’, ¢’/ bonds.
As for the SATL, in small lattices it is important to leave the boundaries open
to account for incommensurate ordering vectors.
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Figure 3.17: Quantum-mechanical phase diagram of the SCATL, or-
dering vector. Upper row: MSWT data. Around t' =t = ¢, a part of
the classical spiral phase survives quantum fluctuations. Lower row: ED
data. The growth of the Néel phase and reduction of spiral order, as seen in
the MSWT data, can already be appreciated for NV = 15 sites.

MSWT and ED results — ordering vector and order parameter

In this section, we give a first overview over the phase diagram, as obtained
from the ordering vector @ and the order parameter M, followed in the next
two sections by more detailed analyses.

As seen in the MSWT and ED ordering vectors, presented in Fig.
quantum fluctuations stabilize the Néel phases compared to the classical case,
as already observed in the SATL. In the central region around ¢’ ~ ¢ ~ ¢, the
ordering vector indicates spiral order with a broad range of incommensurate
ordering vectors. The finite MSWT order parameter (Fig. left panel)
indicates that in these phases indeed long-range order survives quantum fluc-
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Figure 3.18: Quantum-mechanical phase diagram of the SCATL, or-
der parameter. ED results qualitatively confirm the MSWT phase diagram.
In particular, the order parameter for both methods decreases rapidly upon
approaching the MSWT breakdown regions.

tuations. The self-consistent MSWT calculations become relatively unstable
for small order parameters, which results in the ragged boundary lines of the
ordered phases.

In the Néel phases, the ED order parameter (Fig. right panel) is max-
imal, giving support to the assumption that here LRO persists. However, it is
much smaller in the spiral phase than the MSWT value, a discrepancy already
found in the SATL.

Between the ordered regions, we find a broad region where the MSWT the-
ory breaks down, indicating as discussed in the SATL that these regions do
not allow a description in terms of an ordered, semi-classical state. This, in
turn, hints at quantum spin-liquid phases. Therefore, it appears that it is a
quite universal feature of frustrated quantum antiferromagnets that spiral- and
collinearly-ordered phases are always separated by quantum disordered phases.
This is the main result of this section.

We obtain further support to this interpretation, which we will further cor-
roborate in the next two sections, from the strong decrease of the MSWT and ED
order parameters upon approaching this region (Fig. [3.18). Note also that both
the ED and MSWT order parameter seems to disappear relatively smoothly
when approaching the putative 1D-like spin liquid (consider, e.g., in the range
2 st'ft 3, t"/t > 17). Upon approaching the putative large-a spin liquid
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Det[pMSNT]

Figure 3.19: The partial spin
stiffness (normalized to the cou-
pling strengths 1 + ¢’ + t") de-
creases upon approaching the
MSWT breakdown region, sug-
gesting the disruption of mag-
netic LRO.

dividing spiral from Néel LRO, on the other hand, for ED, the order parame-
ter decreases more sharply (consider, e.g., the line ¢'/t = 1, ¢/t - 17). Here,
for MSWT, the breakdown occurs abruptly at finite order parameters. This
may point at a difference in the type of phase transition upon approaching the
large-a spin liquid and the spin liquid at the decoupled-chains limit.

The rest of this section is devoted to fleshing out our main finding, the
appearance of a disordered region encircling the spiral phase.

Supporting observables from MSWT — spin stiffness and spin-wave
velocities

In the SATL, the spin stiffness has proven a valuable consistency check
of our MSWT calculations. Even if the order parameter is finite, a small spin
stiffness suggests that taking further quantum fluctuations into account than
within MSWT could disrupt the remaining order and lead to disordered phases.

In Fig. B.19] we show the determinant of the partial spin-stiffness tensor,
det(p), normalized to the coupling strengths 1+¢' + t”lEl As we should expect
[258], det(p) decreases upon approaching the phase transitions, especially from
the Néel-ordered side. At large ¢’ ("), this decrease is due to a softening of the
stiffness in z (y) direction, and at small (¢'/t,¢"” /t) in the direction perpendicular
to 7, i.e., in the direction perpendicular to the dominating chain, as we also
saw in the SATL.

12gince for our purposes it is enough to extract an upper bound for the spin stiffness, we
use the partial spin stiffness as defined in Eq. (14.23)).
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Figure 3.20: Lower panels: The spin-wave velocities (normalized to the
coupling strengths 1+¢'+t") soften in the 1D limits in the direction perpendicu-
lar to the dominating coupling strength. Differences in the spin-wave velocities
might allow to measure the anisotropy of the SCATL.

Another indicator for approaching disordered phases is given by the spin-
wave velocities v, ,, which are connected to the spin stiffness via the suscepti-
bility [259]. Since the spin-wave velocities are defined as the leading order of
an expansion of the spin-wave dispersion relation, Eq. , around small |k,
i.e.,

vy = lim wg/k, , (3.38a)
Ky ~0 ky=0

vy, = lim wp/k, , (3.38b)
ky—0 k=0

they can be measured directly from the excitation spectrum, allowing an exper-
imental check of our findings.

As seen in Fig. [3:20] close to the 1D breakdown region, they, too, soften
in the direction perpendicular to the dominating coupling. On the other hand,
when approaching the putative large-a spin liquid dividing the spiral from the
Néel phase, both spin-wave velocities remain finite. This is another (besides
the different behavior of the order parameter) indication that the large-« spin
liquid may be qualitatively different from the spin liquid found in the limit of
decoupled chains.
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Figure 3.21: Second derivative of ED ground-state energy for the NV = 15
system. For clarity, we plot the logarithm after a shift to positive values larger
than one, L(0*(E/N)/0t"?), where t" is t’ or t”, and L(z) = log(1+max(z)-z).
Strong peaks clearly mark the phase transitions from the Néel phases. The
peak around (t'/t,t"”/t) = (1,1) might be an indication of an additional phase
separating the Néel phases from the spiral one.

Supporting observables from ED — energy derivative, gap, and chiral
correlations

The ED observables investigated above (ordering vector and order parameter)
allowed to interpret the predominant ordering behavior, but did not yield clear
evidence if within ED really QPTs exist, and if yes, where their boundaries lie.
The second derivative of the ED ground-state energy, which we plot in Fig.[3.21]
can provide such an indicator. In fact, in the thermodynamic limit, it should
diverge at a QPT.

Indeed, there are clear peaks along lines similar to where in MSW'T the Néel
order breaks down. Also, a peak appears around (¢',¢") = (1,1). This might be
interpreted as the precursor of a QPT away from the spiral state, and possibly
to the spin liquid that is supposed to exist in this system.

We get further support for this phase diagram from the ED energy gap be-
tween ground and first excited state, Fig. In the well-known limiting cases
of the SCATL, it behaves as expected: There is no gap close to the decoupled-
chains limits, since the system is then in a critical phase. In the Néel ordered
phases, there is a large gap which separates the ground state from closely-spaced
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Figure 3.22: Left panel: The singlet gap from ED gives support to the
MSWT phase diagram. A finite gap separates in the Néel phases spin-wave
excitations from the ground state. In the spiral phase, the ground state is
doubly degenerate due to the ambiguity in choice of chirality. The finite gap
surrounding the degenerate region could be a precursor of a gapped, disordered
phase. At the transitions to the Néel phases, the gap closes again. Right
panels: cuts at fixed ¢/t = 1,2, 3 for triangles with increasing N (from light
to dark and thick to thin: 6,10,15). There is little size dependence in the
central gapped phase (t" = 2,3t with ¢’ ~ ¢, as well as t” =t and t'/t 2 1.5).
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excitations, which in larger lattices become the spin waves, collapsing slowly to-
wards the ground state [23T] (for an example of the excitation spectrum in a
Néel phase, see also the panel for a = 2 of Fig. . This is consistent with the
considerable size dependence found in our calculations, as can be seen in the
right panels of Fig. where we plot cuts of AEEP at fixed t”/t = 1,2,3 for
triangular systems (similar to the one in Fig. with N =6,10,15.

On the contrary, there is no gap in the spiral-ordered phase, because the
ambiguity in the choice of chirality leads to a ground-state degeneracyE We
find that the vanishing of the gap depends strongly on the system geometry,
but it occurs consistently for all triangular systems considered.

Interestingly, the gapless spiral phase is surrounded by a region where the
gap attains considerable values. The very small dependence on system size in-
dicates that here it is stable towards the thermodynamic limit. A finite gap is
not consistent with a spiral-ordered phase. On the other hand, the predomi-
nant order in this region is at incommensurate wave-vectors. Hence, the finite
gap is clearly not due to square-lattice Néel-like physics. Optimistically, these
findings could therefore be interpreted as the precursors of a gapped spin-liquid
phase. This gapped region completely encircles the spiral phase, suggesting that
the low- and large-a gapped spin liquids found in the SATL could actually be
continuously connected via the additional anisotropy of the SCATL.

The gap closes again upon approaching the Néel phases, indicating a quan-
tum phase transition.

From the gap, it seems that there is support for the assumption of an ex-
tended gapped phase separating spiral and Néel LRO. Still, it would be desirable
to be able to exclude for this region spiral LRO in the thermodynamic limit.
To do this, we now study where chiral correlations persist, because in a spiral
phase they have to remain finite. For the small systems used in our ED, we
generalize the chiral correlations (3.33)) to

4
U_ = A (ZC: Scke Za: Saka) - (3.39)

Here, to minimize boundary effects, the sum over ¢ runs only over the central
triangles, while a runs over all triangles of the lattice. The factors s, . weight
the vector chiralities defined in Eq. with a + (=) sign if the triangle points
upwards (downwards). The prefactor including Na, the number of summands,
is chosen such that the chiral correlation has the same theoretical maximum of
9 as the usual definition for large lattices, Eq. [234].

13We checked that in the spiral phase there is a gap, similar to the spin-wave gap found in
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Figure 3.23: Chiral correlations from ED. Upper left: Already for small
systems (N = 15), the chiral correlations are appreciably smaller in the Néel
phases than in the rest of the phase diagram. Upper right: From an extrap-
olation to large lattices, it appears that chiral LRO only survives in a small
central region around (¢'/t,t"/t) = (1,1), lending support to an extended dis-
ordered phase close to the 1D limits. Below: The geometries used in the
extrapolation are chosen for symmetry upon rotation by 60° and equal number
of t, t', and t" bonds.
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As can be seen from the ED results of the N = 15 lattice (Fig. left
panel), the chirality is relatively small in the Néel phases. However, at this
lattice size, there are still appreciable chiral correlations in the rest of the pa-
rameter regime. In particular, in the 1D limit, the chiral correlations are only
a little smaller than in the spiral phase around (¢'/t,t"”/t) = (1,1). There-
fore, we also plot in Fig. [3.:23] right panel, an extrapolation to large lattices
by W_(N) = W_(N = 00) + y35 + v&, where we use the known form for the
leading finite-size behavior [260] but also include the first subleading correction
due to the small systems under consideration (our data comes from lattices with
N =17,10,12,15,18, all chosen to have the same number of ¢, ', and ¢" bonds,
as sketched at the bottom of Fig. . While this can not be seen as a rigorous
finite-size analysis, which is difficult for the small systems studied, it shows a
clear trend, namely that the chiral correlations only survive in the central re-
gion around (¢'/t,t"/t) = (1,1). From this data, it appears that while chiral
order disappears in an extended region close to the limit of decoupled chains,
it extends all the way to the Néel phases, contrary to the MSWT and PEPS
results on the SATL (see Sec. [3.2). Further studies on larger lattices or with
complementary methods seem necessary to settle this question.

With this, we have several independent observations from ED indicating the
existence of a magnetically disordered phase, some of which indicate that it
completely surrounds the spiral phase: the increase of the gap when leaving the
central region around (¢'/t,t"”/t) = (1,1) suggests that there is no spiral LRO
in this region. We could corroborate this with a vanishing chirality close to
the decoupled chains. On the other hand, the predominant order is at incom-
mensurate ordering vectors, indicating that this phase is also not Néel ordered.
Therefore, it seems natural to assume that this region could host a spin-liquid
phase, possibly gapped far away from the 1D limit and gapless close to it.

MSWT predictions for the hard-core boson momentum distribution

Finally, we wish to connect our predictions to experiment. As explained in
Chapter and Sec. , a well-established experimental technique for the
observation of the quantum phases of ultracold atoms is time-of-flight (ToF)
imaging of the atom momentum distribution, Eq. In Fig.[3.24] we present
ED predictions (for N = 15) for ToF images at various values of anisotropy,
where the uppermost row shows parameter values from the SATL, and the other
rows show from top to bottom results for increasing additional anisotropies in

the Néel phases, between the second and the third energy level.
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steps of 10%. The black lines denote the first Brillouin zone (1st BZ).

Commensurate spiral order appears as peaks at the corners of the 1st BZ (as
in the first panel of the second row), while peaks at the center of two opposing
sides of the 1st BZ mark Néel order (as in the lower two panels of the second
row). Incommensurate spiral order is characterized by peaks lying between these
two limiting cases (as in the second panel of the second row). Close to the 1D
limit, the peaks decrease in magnitude and smear strongly out along a straight
line (as seen in the first panel of the first row).

In large systems, disordered phases are characterized by a sub-extensive
growth of the peak height, but for the small system considered here it is difficult
to draw such conclusions. However, the influence of the additional anisotropy
on the predominant order properties (be they of long or short range) can be
seen clearly already for the small systems considered in Fig. In particular,
the additional anisotropy can shift the system from one phase to a qualitatively
different one. For example, the momentum distributions in the first row pass
from an almost 1D-like spiral state to an adjacent Néel phase. Similar behavior
is found for other values of (¢'/t,t"”/t). Such ToF pictures, therefore, would
allow to observe the influence of the additional anisotropy in experiment.

3.5 Summary for the frustrated quantum models

In this chapter, we have provided a thorough analysis of the ground-state phase
diagrams of the quantum XY SATL and its generalization, the SCATL (that has
not been considered before in the literature). To this purpose we investigated
various observables from MSWT, PEPS, and ED.

We found two main recurrent features for strongly frustrated quantum mag-
nets in two dimensions. First, collinear order is considerably stabilized by quan-
tum fluctuations against spiral order. Extending our results for the SATL to fi-
nite temperatures, we found that thermal fluctuations have a similar effect. Sec-
ond, (quasi-)ordered phases characterized by different forms of order (collinear
vs. spiral) do not continuously connect to each other, but they rather seem to be
separated by quantum disordered phases. In the SATL, this behavior possibly
leads to the appearance of one gapless and two gapped spin liquids. This effect
was also more recently found by Varney et al. in a frustrated XY model on the
honeycomb lattice [261].

As a consequence, in the SCATL, the spiral phase seems to be entirely sur-



3.5 Summary for the frustrated quantum models 93

t'/t

\j

(0.47.0.47)@ (0.94.0.94) (ldd=hd])
@ =

£

ky/m

O ®
: ®

(0.42,0.52)% (0.84,1.039

/

5
additional anisotropy

<
-

—12.92

ky/m

/ =N ==
0 =

(0.75,1.125% (1:12:1469) |
0O

4 i
U

A & 7~ 0
(0.33,0.61)% (0.66,1.22y% (0.98.1.88)

/. /

A = ()
-2/3 0 2/3 -2/3 0 2/3 -2/3 0 2/3 -2/3 0 2/3
k/m ky/m kyf/m k/m

S 5

ky/m

5 3k

ky/m

5

Figure 3.24: ToF predictions (corresponding to the static structure factor)
allow comparison to typical experimental results. The additional anisotropy of
the SCATL increases from top to bottom in steps of 10%, showing that it can
shift the system to phases with different qualitative order. Data from ED of
N =15 spins.
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rounded by a quantum disordered region. This result, which constitutes one
of the main findings of this chapter, is supported by the breakdown of MSWT
theory, together with the strong decrease of the order parameter and the spin
stiffness. It is further corroborated by ED data, where a finite gap makes spiral
LRO seem unlikely, while the location of the structure-factor peak at incom-
mensurate wave vectors seems to preclude Néel LRO. Also, the strong decrease
of the ED structure-factor peak appears to support this interpretation. Our ED
data remains inconclusive, however, as an extrapolation of chiral correlations
to large lattices seems to predict a breakdown of chiral order only close to the
limit of decoupled chains.

A complete encircling of the spiral phase by disordered phases could natu-
rally explain the succession of a gapped and a gapless spin liquid at the low-«
limit of the SATL (as presented in Fig. [3.2b). The gapless spin liquid would
be continuously connected to the limit of decoupled chains, while the additional
anisotropy of the SCATL would adiabatically connect the gapped spin liquids at
small and large a.. This consideration shows the great potential of the additional
anisotropy to deliver new insights into the nature of these phases. Further, it
allows to approach the small-« spin liquids not only from the spiral phase, but
also from the Néel phase. We found, indeed, some indications that very close
to the 1D limit the transition from the Néel phase to the putative disordered
region could be qualitatively different from what happens at larger a.

Finally, we provided ED predictions for the boson momentum distribution
in time-of-flight pictures, a comparison to which might allow to test our findings
in upcoming experiments with ultracold atoms.

3.6 Connection to current experiments and sum-
marizing remarks

Before concluding this chapter, we wish to more precisely place our results into
the context of current cold-atom experiments. Currently, heating effects prevent
reaching the strongly-interacting regime so that experiments are carried out not
in the limit of infinite inter-boson repulsion, but rather at weak interactions [17].
In this regime, the system behaves almost classical. To see in how far frustration
effects play a role in this case, we now address briefly the phase diagram of the
SATL at weak inter-particle repulsion.

For small on-site interactions U, we can compute the ground-state behavior
of the frustrated Bose—Hubbard model via an expansion in condensate fluc-
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tuations. This becomes possible since quantum fluctuations in this regime are
typically small, and the ground state is Bose-condensed, showing strong ordering
tendencies. Normally, the behavior of the system in this case is well captured by
a Bogolioubov—deGennes expansion, which replaces operators by (global) mean
values dressed with small fluctuations around them. However, as described in
the previous sections, in the extreme quantum limit of U — oo, geometrical
frustration can disrupt order and lead to quantum-disordered states. We can
expect to find precursors of this physics in the weakly-interacting regime, such
as reduced LRO of the condensate phase. In this case, a standard Bogolioubov—
deGennes expansion is not an adequate approach, because it is based on the
assumption that the phase fluctuations remain small on a global scale (i.e.,
from one side of the sample to the other). To circumvent this limitation, we
employ a Mora-Castin expansion [262] as explained in Chapter This type
of expansion only relies on the assumption that the variation of the phase is slow
on the order of the lattice spacing, but it may be strong on larger distances.
This generalization makes this method also applicable to systems with reduced
degrees of order. We extend the expansion of the original article [262] to include
terms up to fourth order in the fluctuations, and solve the resulting equations
self-consistently. This improvement proves crucial to capture the change of the
order properties with increasing U (i.e., with increasing “quantumness”). Our
findings are presented in Fig. [3:25p. Technical details can be found in Chap-
ter m The results presented here have been published in Ref. [164] without
detailed derivations. A publication including these is in preparation [214].

To characterize the phases of the weakly-interacting limit of the SATL, we
employ the ordering vector, Eq. (13.41). As it shows, the shift of the transi-
tion between Néel and spiral order, observed in the U — oo limit of the SATL
(Sec. , seems to set in immediately and smoothly with increasing U.

Further, to judge the strength of quantum fluctuations, and as a fundamen-
tal self-consistency check of the Mora—Castin formalism, we also compute the
phase fluctuations and the condensate fraction, using Eqgs. (13.43) and ([13.46)),
respectively. Where the phase fluctuations become too large or the conden-
sate fraction too low, the initial assumption in the Mora—Castin formalism that
quantum fluctuations are small is no longer valid and the theory cannot be ap-
plied. In Fig. [3:25h, we include lines where the condensate fraction falls below
0.75 and where phase fluctuations along the bonds 7; and 7 rise above /4.
We identify these lines with the onset of strong tendencies towards quantum
disorder. The values chosen are arbitrary, but they show a clear trend: order is
disrupted more easily close to the transition between Néel and spiral LRO. This
is consistent with our results from Sec. which suggest that in this param-




96 3. Frustrated quantum magnetism in a triangular lattice

eter region a gapped spin liquid appears at large U. Considering the limit of
weakly-coupled chains, from the ordering vector, we do not find the extension
of a gapless 1D-like spin liquid to finite inter-chain couplings as should happen
for strong U. However, the condensate fraction and inter-chain phase order are
less stable at small t5/t7, indicating weaker ordering tendencies. It appears that
the putative spin-liquid regions imprint precursors of their properties also on
the weakly-interacting regime.

We can tentatively interpolate our findings between the regime of weak inter-
actions and the extreme quantum limit from Sec. The result is sketched in
Fig.[3:25b. While the shift of the transition between Néel and spiral LRO seems
to increase smoothly with U, the various quantum disordered phases (gapped
or gapless spin liquids) seem to set in only at finite interaction strengths.

Although the theoretical tools that we have at our disposal all have their
shortcomings, we were able to considerably narrow down the parameter regions
where quantum spin liquids may occur. To study such exotic quantum states
with all their intriguing properties and possible applications, an experimental
quantum simulation seems indispensable, which could be realized via lattice
shaking as explained.

As we have seen in this chapter, the lattice geometry plays a crucial role
for the physics of ultracold atoms systems. In the examples above, a triangular
lattice induces geometrical frustration, leading to new quantum phases. The
particular triangular optical lattice used in the experiments of the Hamburg
group [160, [165] offers, however, the intriguing possibility to also explore another
geometry: simply by changing the polarization of the laser beams creating the
lattice, it can be transformed into a honeycomb lattice [I61]. A lattice of such
a geometry, loaded with Fermions [I62], may be used for mimicking graphene
physics. The first experiment in an optical honeycomb lattice together with
comparison to theoretical results is the subject of the next chapter.
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Figure 3.25: (a) Phase diagram of the SATL for weak interaction U,
from a Mora—Castin expansion with mean occupation number n = 3.5. Quan-
tum fluctuations, quantified by U/(nt1), shift the Neéel-spiral transition to
lower values of ¢2/t; (thick red line). The purple dotted (blue dashed) line
marks where NN phase fluctuations along the lattice vector 71 (12) reach /4,
and the thin solid line where the condensate fraction has dropped to 0.75.
Phase fluctuations and reduction of the condensate fraction are stronger at the
Néel-spiral transition and close to the 1D limit, indicating a stronger insta-
bility towards disorder. (b) Putative phase diagram of the SATL for
all interaction regimes, combining the results from panel (a) with those of
Sec. and Schmied et al. [202]. While the shift of the transition Néel-spiral
can already be observed at arbitrarily small U, the extension of a gapless phase
with 1D-like quasi-LRO seems to happen at finite interactions. At larger U,
gapped spin-liquids (SLs) should emerge.
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Chapter 4

Multi-component quantum
gases 1n spin-dependent
honeycomb lattices

The geometry of a system fundamentally defines its properties. Hence, to be
generally applicable, quantum simulators have to be able to treat various ge-
ometries with widely different properties. However, so far, most experiments
with ultracold quantum gases have been carried out in lattices of cubic symme-
try. Optical lattices allow, however, much more than this. Due to the prospect
of realizing a variety of novel phenomena with possible applications in quantum
information and spintronics, a strong current theoretical development [211] 263l
267] aims especially at the quantum simulation of systems with a honeycomb
geometry. This direction of research is especially spurred by the rapid develop-
ment in the last years of graphene technology [268], which has a vast spectrum of
potential applications, ranging from transistors [269] over chemical sensors [270)]
to — perhaps most promising — graphene photonics [271], optoelectronics [272],
and plasmonics [273H278|. Mastering the honeycomb geometry would allow ac-
cess to the fascinating effects encountered in graphene, carbon nanotubes [279],
and a large number of other carbon-based compounds, including topological and
spin-Hall insulating phases [280, 281] (see Chapter .

In this chapter, we discuss the first experiments on ultracold quantum gases
in a spin-dependent optical honeycomb potential, realized by Prof. Sengstocks
group in Hamburg. The experimental results have been published together
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with our theoretical analysis in Ref. [I61]. Previously, different types of spin-
and/or state-dependent lattices have been implemented to study transport and
magnetic properties of ultracold lattice gases [10, 282H286]. Exotic geometries
have more recently also been achieved by other groups, such as the tunable
honeycomb lattice in the group of T. Esslinger [162] or the kagome lattice in
the group of D. Stamper-Kurn [163].

We demonstrate how the spin-dependent honeycomb lattice can be used to
tailor quantum phases and dynamics of spin-mixtures. We show that the combi-
nation of interactions between different spin-states and the spin-dependent lat-
tice potential leads to novel quantum phases: a forced antiferromagnetic (AFM)
Néel order when two spin-components localize in different sublattices, and a
pronounced interaction-induced modulation of the SF density, when one spin-
component is localized in one sublattice and imposes an interaction-induced
lattice on the other SF spin-component. This can be understood as a forced
supersolid. Examining the influence of the spin state on the SF to MI transi-
tion, we demonstrate furthermore that the mobility of particles in the lattice
can be adjusted by immersing the SF particles into a well-localized spin-crystal.
We present the phase diagrams from the Gutzwiller mean-field Ansatz (GMFA,
see Chapter , where we find good agreement with the experimental re-
sults. Our studies show the strong influence of the lattice geometry on effects
like the SF-MI transition. The realization of honeycomb lattices is a first step
towards the quantum simulation of graphene-like physics in an optical-lattice
architecture. As our results show, optical-lattice setups go even beyond a pure
mimicking of solid-state effects, opening possibilities that are not realizable in
solid-state systems.

4.1 Experimental setup

The basic structure of the spin-dependent optical honeycomb lattice used by
the Hamburg group is illustrated in Fig. [fI] It generalizes the basic idea of
optical lattices described in Chapter 2.1} Three laser-beams derived from a
Ti:Sapphire laser running at A = 830 nm intersect under an angle of 120°, with
each beam linearly polarized in the plane of intersection. This leads to the
formation of local potential minima in a honeycomb structure. A perpendicular
one-dimensional lattice with a different frequency restricts the motion of the
atoms to two-dimensional planes. Typical potential depths of this 1D-lattice
are Vip = 44FE,... The resulting two-dimensional honeycomb lattice potential is
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Figure 4.1: Spin-dependent honeycomb lattice. (a) The lattice with
alternating o (green bullets) and o~ (red bullets) polarization structure. The
upper plot shows a cut through the 2D potential (center). The lowest graph
shows the polarization distribution in the lattice ranging from fully o*(green)
to o (red) polarized. (b) The potential along the orange dashed line
in panel (a) for particles in different Zeeman states |F,mg). The modulation
depth of the potential depends on the mp-state. The lower part shows the
corresponding light polarization. For large lattice depth, atoms in the differ-
ent substates will localize as indicated by the red, blue, and green bullets.
(c) Time-of-flight images of SF samples prepared in different Zeeman sub-
states (left) and the corresponding calculated momentum distributions (right).
The second- to first-order interference peak ratio (depicted at the bottom) dif-
fers between |1, 1) atoms (which assume a ¢riangular configuration) and |1,0)
atoms (which assume a honeycomb configuration).
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given by
V(e) = —2V1at{3 —cos[(by —bg)-x] +cos (by - x) + cos (by w)} (4.1)
~2v/3acamp{sin [(bi - by) - @] +sin (by - ) - sin (b - ) }

where g is the Landé g-factor, up is the Bohr magneton, m g labels the different
atomic Zeeman substates, by = \/3/2ke, +k/2e, and by = \/3ke,, (with k = 27/\)
are the reciprocal vectors of the honeycomb lattice, and V},; gives the strength
of the lattice. The constant « depends on the detuning of the lattice laser from
the atomic resonance; in the experiments of the Hamburg group, o = 0.13.

4.1.1 Basic behavior of atoms in the spin-dependent lat-
tice

In the experiments of Prof. Sengstock’s group, this lattice is loaded with typi-
cally several 10° atoms of "Rb. To achieve this, initially Bose-Einstein conden-
sates in the hyperfine state |F,mpg) = |1,-1) are prepared in an optical dipole
trap. From these, pure hyperfine- and magnetic Zeeman-states or specific com-
positions of different such states can then be prepared with the aid of radio-
frequency and/or microwave sweeps. After these preparatory steps, the lattice
is ramped up, during which coherence between different spin states is lost.

The atoms experience a potential composed of the honeycomb lattice and
the perpendicular 1D-lattice, i.e., V(x) + Vip sin®(kz). For neighboring inten-
sity maxima of the honeycomb lattice, the local polarization alternates between
o* and o~ (for example, when following the dashed line in Fig. 4.1p, center; see
also Fig. , bottom). Since atoms in a light field experience a polarization-
dependent ac Stark shift [287], the potential at o* and o~ polarized potential
wells differs for different atomic Zeeman substates. According to the local po-
larization, we denote the two triangular sublattices constituting the bi-atomic
basis of the honeycomb lattice by ¢* and o~.

Mapping the polarization of the light field P (x) (+1 for pure o* and -1 for
pure o~ polarizations) onto a pseudo-magnetic field Beg () o< —Viex () P () [usB,
the potential V() can be written in the compact form

V() = Viex (@) + mpgrppBeg () . (4.2)

This potential consists of a spin-independent part Viex () of honeycomb ge-
ometry and a state-dependent potential due to the local pseudo-magnetic field
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Bet (x) that acts in opposite ways for the two sublattices. Due to this energy
bipartition of the honeycomb lattice, atoms with m g # 0 are preferably confined
to either the o* or the o~ triangular sublattice. In contrast, for atoms in the
mp = 0 state, the Beg term vanishes, so that they will distribute homogeneously
over both the o* and the o~ sublattice (Fig. [£.1p).

For typical experimental parameters, tunneling of the atoms follows predom-
inantly along channels connecting neighboring local minima of Vjex (), because
the large central peak maxima (9V,¢) reduces a diagonal tunneling across honey-
comb plaquettes. One such nearest neighbor (NN) tunneling channel is indicated
in Fig. [4.Ih by a dashed line. Figure [£.Ip illustrates the spin-dependent lattice
potentials along the dashed line for the F' = 1 hyperfine ground-state manifold
of 8"Rb. The potential along this line corresponds to a sinusoidal potential
with 319 nm period, modulated by a cosine function with 638 nm period. The
modulation depth f(mp)WVat along this line depends, due to Eq. , on the
mp-state and is given by {1,1.7,2.5} V5 for mp = {0,+1,+2} and A = 830nm.

4.1.2 Experimental measurement methods

Due to the pseudo-magnetic field term in the potential , the preferred distri-
bution of the atoms over the o* sublattices depends on the hyperfine state. The
resulting differences in the structure factor were observed in the Hamburg exper-
iments by time-of-flight (ToF) measurements, such as explained in Chapter
Typical measurement results for states that localize in triangular and hexagonal
configurations (|1,+1) and |1,0), respectively) are shown in Fig. together
with the corresponding theoretical prediction from a one-particle band struc-
ture calculation (also due to Prof. Sengstock’s group). The observed second- to
first-order interference peak ratio (see Fig. bottom) is significantly larger
for the hexagonal than for the triangular configurations. It typically ranges be-
tween 2 and 4 for the experimental parameters. This fact can be explained by
considering the Bloch functions and their quasi-momentum distribution for the
corresponding spin-dependent lattice geometry. As explained in Chapter [2.1]
the ToF measurement maps the spatial density distribution of the ensemble af-
ter a free expansion to the in-lattice momentum spectrum. The height of the
observed peaks, quantified by the visibility, is a measure for the coherence of
the atoms in the lattice. It serves to distinguish the SF regime (large visibility)
from the MI regime (low visibility).

To obtain more precise information about the spatial in-trap distribution,
the Hamburg group employed a specialized method for state- and site-selective
microwave spectroscopy. It allows for in-situ investigations of the spatial spin-
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ordering and is suitable for studying different regimes ranging from the SF to the
MI phase. Previously, a similar kind of polarization-dependent radio-frequency
spectroscopy method was used to study cubic lattices [284]. Here, we sketch the
main idea and refer to the publication [161] for more details. In this method, a
microwave pulse transfers population from the populated m p-states to initially
non-occupied, auxiliary m g/ -states. The efficiency of this transfer depends on
the detuning of the microwave energy to the energy difference between mp and
mpr, AE,, i Therefore, this technique is sensitive to the spatial variation
of AEmF,m/F that is generated by the pseudo-magnetic field Beg, given by

AEpmy, = AV(x) = pp (mpr + mp) (Bo + Begt (T)) /2 + Engs (4.3)

where By is an additional homogeneous magnetic guiding-field and Fjy is the
8TRb-hyperfine splitting. The spectroscopy signal is obtained by releasing the
sample from the lattice and performing Stern—Gerlach separation. Since the
transfer efficiency between initial and final state depends on the Franck—Condon
overlap, care has to be taken to normalize the signal correspondingly. By count-
ing the fraction of transferred atoms as a function of the microwave frequency,
the spectroscopy signal reveals the relative occupations of the two sublattices
ot and o”.

4.2 Theoretical model

Before discussing the experimental results for the spin-dependent honeycomb
geometry, we first explain how we analyze these theoretically. We model the
system by the two-species Bose—Hubbard model

7:[ = - Z (tadzd]‘ +tbi);-r?)j + hC) (44)
(i5)
o a\ ~o a,b ~a~b UiaAoz e
+3 1 D (—p + EY) A + UM afag + 5 i e -1)1,
i | a=a,b a=a,b

and compute its ground state using the GMFA (see Chapter for technical
details). This Hamiltonian is a straightforward generalization of the simple
Bose-Hubbard model to the case of two spin components (a and b) and two
sublattices (0% and o). The operator a; (b;) annihilates an a (b) boson at site 4,
and 7 (ﬁi’) are the corresponding occupation number operators. Angle brackets

denote pairs of NNs and t{y =t* (a = a,b) the corresponding tunneling matrix
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elements. We will also present results including next-to-NN (NNN) tunneling.

We denote the local energy offsets at a o* site by Ef = E%., and UZ.O"O‘, = U:;a/
is the corresponding interaction between the spin-components |a) and |o). For
convenience, we define U2, = U}, Similarly we will abbreviate expectation
values (a;) = (aq+) if 7 € 0%, where we make use of translational invariance. For
conciseness of notation, we will further index in the following the |1,-1) state by
-1 and the |2,+2) state by +2. For simplicity, we implement the GMFA in the
grand-canonical ensemble, to which we introduce the chemical potentials p“.
To obtain results for fixed particle numbers, we iteratively adjust the chemical
potential until the desired particle number is reached. In most situations, this

approach works well, but there are cases where convergence is problematic.

To allow a quantitative comparison to experiment, we extract F<, U:;a’, and
t* from the experimental parameters. The energy offsets E can be computed in
a straightforward manner from Eq. . For the on-site interactions, we have
to evaluate the integral Eq. . To do this, we approximate the optical lattice
potential at the bottom of each site as a harmonic oscillator, which allows to
replace the Wannier functions by Gaussians. For not too shallow lattices, this
approximation works well near the center of a site, from which the integral
obtains the largest part of its weight. In shallow lattices, on the other hand,
the interaction is weak and the tunneling term dominates, so that small errors
in the estimation of the interaction do not play any role. Therefore, also in the
case of shallow lattice the approximation of the Wannier functions as Gaussians
is acceptable. For consistency, we include also the zero-point energy of the
harmonic oscillator in the energy offsets EZ.

The tunneling matrix elements may be extracted from the overlap between
Wannier functions at different sites, using Eq. . Contrary to the interac-
tions, for the tunneling one has to use the true Wannier functions since these
have strong oscillations in their tails. For the interactions, we could use Gaus-
sian functions and neglect these tails, because they are exponentially small.
They do have an important influence, however, in the overlap integral defining
the tunneling matrix elements. Since the calculation of the Wannier functions
for an optical honeycomb lattice is a challenging task, we estimate the tunneling
from a simpler approach. Namely, we fit exact one-particle band-structure cal-
culations of the full optical lattice to the band structure of a tight-binding model
Hamiltonian (i.e., without interaction terms). This gives a good estimate for
the tunneling matrix elements, where the agreement, is improved if not only NN
tunneling terms but tunneling terms up to some larger distance are included.
In our case, the bi-atomic basis of the honeycomb lattice complicates this ap-
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proach, because one has to analyze the tunneling not between single sites, but
between double wells consisting of a o* and a o~ site.

The results for the NN tunneling matrix elements ¢ty are summarized in
Fig. They decrease from mpr = 0 to mp = +1 to mp = +2. This is due
to the increasing barrier height between neighboring wells (such as sketched in
Fig. 4.1p), as can be seen when plotting the tunneling matrix elements against
the barrier height instead of against the absolute strength of the lattice (inset).

4.3 Superfluid to Mott-insulator transition in
pure systems

The mobility of particles plays an important role in understanding, for example,
the conductivity of solid-state systems. In optical lattices, this property is
essentially governed by the interplay of the on-site interaction U with the tunnel
matrix element ¢, and is usually well captured in a Bose—Hubbard model such as
Eq. (£.4). As described in Chapter[2.1] in optical lattice experiments, the ratio of
t/U is directly adjustable through the power of the lattice beams. The Hamburg
group used this to drive the ensemble from the SF to the MI and observed this
transition by analyzing the visibility of ToF images. In this section, we describe
the experimental results for pure systems, and we explain the findings with
the help of the GMFA relying on the experimental parameters as described in
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Sec. We discuss in the next section how mixtures of different spin states
allow tuning the critical point of the SF—MI transition.

The visibility data shown in Fig. compares different single-component
samples. For the analyzed species, the SF-MI transition as a function of lattice
depth occurs in the order |2,-2), |[1,-1), and [1,0). The general tendency is
qualitatively confirmed by the Gutzwiller calculations. In Fig. [d.3p, we plot our
predictions for the superfluid order parameter |(G,+ )|+ |(é,-)| for experimentally
relevant filling factors between two and four per unit cell. In these calculations
we included explicitly only tunneling processes between NNs, but we will see
presently that NNN tunneling processes play an important role.

But first, let us explain the general tendency. The deepest optical lattice to
drive the system across the SF-MI transition is required for the mp = 0 atoms.
Since in this case the optical potential is not modulated by Beg(x), tunneling
is resonant to the three NNs, and the delocalization tendencies are strong. The
situation changes for |1,-1) and |2,-2) atoms. For these states, Beg(x) leads
to an energy difference between the o™ and o~ sublattices, so that resonant
tunneling to NNs is not possible. The energy difference increases with |mp|, so
that the |2,-2) are stronger localized. Additionally, the barrier height between
NNs increases with [mp|, see Eq. and the sketches in Fig. [£.1p. Therefore,
we expect the SF-MI transition to occur at lower beam powers for increasing
values of |mp|, as we indeed find.

As Fig. [£.2] inset, shows, the tunneling matrix elements for all three species
are equal, if rescaled to the effective barrier height. If the difference in the
transition is purely due to this effect, we can expect the transitions to coincide
when they are rescaled accordingly. This is indeed observed in the experimental
data, as displayed in the inset of Fig.[£.3h. At second thought, however, this is an
unexpected behavior, since the NN hopping for mpg = 0 is resonant while the one
for mp = +1, £2 is not. Moreover, the off-resonance is different between mpg = +1
and mpg = £2, so that some other effect should be in play. Consistent with
these considerations, the GMFA with only NN tunneling does not reproduce
the behavior of the experimental data.

We find a simple explanation of the experimental findings when considering,
in addition to NN tunneling ¢txn, also NNN processes ¢tnnn (sketched in the
inset of Fig [4.4p). To assess the influence of {xnn, we calculate the SF-MI
transition for systems with four particles per unit cell. We estimate tny from
experimental parameters as before and fix txyN as a given percentage of tnN-.
As can be expected, the critical point of the SF-MI transition moves to larger
lattice depths with increasing txnn (Fig. ) The relative shift of the critical
point is more pronounced for mr = £1 and mpr = +£2, because for these species
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Figure 4.3: SF to MI transition for pure atomic spin-states. (a) Exper-
imental data. As the visibility curves show, different pure spin states become
insulating at different lattice depths Via;. As demonstrated in the inset, the
SF-MI transitions as a function of the effective tunneling barrier (sketched in
the lower right; see also Figure ) nearly coincide. The data are averaged
over typically 7-10 experimental runs, and the error bars indicate the standard
deviation. The solid lines are guides to the eye. (b) Theory. The approach
to zero of the SF order parameter (normalized to the occupation number) indi-
cates the position of the SF-MI transition. The qualitative agreement with (a)
is satisfactory. The areas represent the results for the experimentally relevant
filling factors between two and four per unit cell.
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Figure 4.4: Influence of NNN tunneling processes, GMFA. (a) The
critical lattice depth Vi.; for the SF-MI transition increases with txnn. To
extract the numerical values for the critical point, we assume that it is reached
when the SF density has fallen below 1% of the maximum. (b) When plotting
against the barrier height, the curves for mp = +1 and mp = £2 roughly coincide

for all values of txnn/tnn. For tnnn/tnn 2 0.6, they also coincide with the
mp =0 curve, as is found in experiment.

the additional tynN presents a way for direct, resonant tunneling. For mpg =0,
on the other hand, the NN tunneling is already resonant so that the influence of
tnnn is smaller. We can explain the experimental results presented in the inset
of Fig. f:3h, if we find a reasonable NNN tunneling strength ¢xyn where the
critical points for all three species coincide when rescaling to the effective barrier
height. Indeed, for mp = +1 and mp = +2 this is roughly the case in the entire
considered range of ¢{xnn- However, to make also the critical point for mp =0
coincide with the one of mp = £1 and mp = £2, a relatively large txnn 2 0.6tnN
is required. From this analysis it appears that in the spin-dependent honeycomb
lattice, NNN tunneling plays an important role. This is in contrast to standard
square optical lattices, where NNN tunneling can usually be neglected.

4.4 Tuning the system behavior using spin mix-
tures

Until now, we were concerned with samples of pure spin states. However, the
Hamburg experiments offer exciting new possibilities when loading the spin-
dependent lattice with mixtures of different spin states. These are the subject
of the present section.
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4.4.1 Particle distribution in mixtures and forced super-
solid

The different atomic Zeeman species and different mixtures of them arrange
spatially different in the spin-dependent honeycomb lattice. As explained in
Sec. for pure samples, from the form of the lattice potential , we ex-
pect that the density of mp = 0 atoms is distributed homogeneously while
[1,-1) (]1,+1)) atoms should occupy exclusively o~ (c*) sites for sufficiently
deep lattices. These expectations have indeed been confirmed in the Hamburg
experiments using the microwave spectroscopy described in Sec. f.1.2]

Since the experimental setup allows the preparation of arbitrary spin mix-
tures, this behavior opens intriguing possibilities for the preparation of quantum
states. For example, one can actively generate a magnetically-ordered Néel state
with predefined magnetization. One possibility to create such a state is to em-
ploy a mixture of different spin states, such as |1,-1) and |1,+1}), and drive
the system into the deep-lattice regime where the spins localize into the o*
sublattices in a staggered fashion.

Even more interesting is the case of a mixture of |1,0) and |1,-1) atoms.
Namely, the fact that the SF-MI transition occurs at different lattice-beam
intensities for different values of |mp| adds an exciting new dimension to the
honeycomb lattice geometry: it opens the possibility to create spin-mixtures
where a fully localized component is immersed in a SF bath. In pure systems,
the |1,-1) atoms tend to localize in the o~ sites, while the |1,0) atoms fill the
honeycomb lattice homogeneously. In the case of a mixture, however, the repul-
sive inter-species interaction with the |1,-1) atoms imprints a periodic density
modulation on the |1,0) atoms. Comparison of the microwave-spectroscopy sig-
nal in such a mixture with the one for pure systems indicates that (30 £ 5)% of
the mp = 0 atoms sitting at o~ sites in the pure system are transferred to o*
sites.

This crystalline order imprinted onto the |1,0) atoms by the |1,-1) atoms
can appear in two qualitatively different scenarios: (i) When the lattice is deep
enough that the |1,0) atoms are localized on the o™ sites, the system forms an
alternating MI with |1,0) atoms on o™ sites and |1,-1) atoms on o~ sites. In this
case, the mixture resembles a localized alternating spin-ordering, similar to what
we discussed above for the |1,-1)-|1,+1) mixture. (ii) At intermediate lattice
depths, one can reach a situation, where the |1,-1) atoms are localized, while
the |1,0) atoms remain superfluid. Figure suggests that this will be the case
at around Vi, = 7 Erer. In such a situation, the |1,0) atoms retain off-diagonal
LRO, as has been demonstrated experimentally by the existence of pronounced
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Figure 4.5: Forced supersolid behavior of |1,0) atoms under mixture with
|1,-1) atoms, illustrated by the SF order parameter |(a,+)| and occupation
number (7,+) (insets) of |1,0) atoms. We display GMFA results for a pure
ensemble of |1,0) atoms (blue line) and increasing admixtures of |1,-1) atoms
(black lines) at ratios of (a), n!"*:nl""1 = 4:2 (b) 4:4, (c) 4:5, and (d) 4:6.
In a pure system, the values are identical at o™ and o~ sites (blue line). When
one admixes |1,-1) atoms, the |1,0) atoms get repelled from o~ sites (dashed
lines), and accumulate at o sites (solid black line). Also, an admixture of
|1,-1) atoms shifts the critical point of the MI-SF transition. These effects
become stronger with increasing number of |1,-1) atoms.
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interference peaks in the ToF pictures and by the spectroscopy measurements.
On the other hand, the |1,-1) atoms induce a density modulation on the |1,0)
atoms, so that the system also shows diagonal LRO. This state is very similar
to a supersolid [288|, [289] except that the symmetry breaking for the diagonal
order is not spontaneous but forced by the interaction with the localized |1, -1)
atoms. Such a supersolid is an exotic quantum phase with crystal and SF
behavior at the same time. Until recently, there was only one claim of an
experimental realization of a supersolid in *He [290} 291], which is still disputed
[292, 293]. Therefore, it would be interesting to find other systems which show
supersolid properties and are cleaner to interpret. Ultracold atoms are an ideal
playground in this respect, as shown nicely in the recent experiments at the
group of T. Esslinger, where a BEC immersed into an optical cavity displayed
spontaneous supersolid behavior [14] 294].

In the experiments of the group of K. Sengstock, by varying the depth of
the lattice, the |1,0) atoms were driven across the SF to MI transition, and
scenarios (i) and (ii) have both been realized experimentally. We analyze this
situation theoretically in Fig. In a pure [1,0) system, |{d,+)| and | {d,-)]| as
well as (7,+) and (7,-) coincide for all V¢ revealing the expected homogeneous
atom distribution. This changes when |1,-1) atoms are admixed to the |1,0)
atoms. At already moderate lattice depths, the |1,-1) particles are localized at
the o~ sites. As a consequence, the |1,0) atoms are repelled from these sites, and
their occupation number and SF order parameter become spatially modulated,
depending on the mixture ratio. In the regime where |1,0) remains superfluid,
the system thus, indeed, realizes a supersolid.

We also observe that the critical lattice depth for the |1,0) MI transition
is suppressed in the mixture due to the effective blocking of o~ sites by |1,-1)
particles. As for the density modulation, this effect increases with the fraction
of admixed |1,-1) atoms. Hence, admixing a second spin-component allows to
tune not only a spatial density modulation but also the critical point of the
SF-MI transition.

4.4.2 Superfluid to Mott-insulator transition in mixtures

To study how different mixtures allow to engineer SF—MI transitions, the Ham-
burg group loaded the lattice with |1,-1) atoms and mixed these with an equal
number of |2,-2) or |2,+2) atoms. The [1,-1) atoms preferably occupy the o~
sublattice, as do the |2, +2) atoms, while particles in the state |2, -2) prefer the
o* sublattice. It is useful to remember that the |2,+2) atoms have stronger

localization tendencies than the |1,-1) atoms. The pictograms in Figure



Figure 4.6: SF to MI transition for mixed atomic spin-states. (a)
Experiment. As the visibility curves for a pure |1,-1) sample and 50%:50%
mixtures with |2, -2) or |2, +2) atoms show, the mixture |1, -1)—|2, -2} localizes
much faster than the other cases. This is explainable by the modification
of second-order tunneling processes of |1,—1) between o —c*—0~ sites (little
arrows in the pictograms). The presence of |2,+2) blocks the off-resonant o*
site (see the pictograms for the preferred atom distributions for the different
mixtures). The experimental results are averaged over typically 7-10 runs, and
the error bars indicate the standard deviation. Solid lines are guides to the eye.
(b) Gutzwiller calculations reproduce the shift of the SF-MI transition in a
50%:50% mixture of |1,-1) with |2, -2) as compared to the pure |1,-1) system.
Shown is the SF order parameter of the |1,-1) state for filling factors between
two and four per unit cell. (Results for a mixture with |2, +2) are not shown
because of numerical instabilities.)

4.4 Tuning the system behavior using spin mixtures 113
A
a) | RS
pure | mixtures = o8k
0.8 11,-1)11,-1)[1,-1) 5 O
) Ch= +V + 8 osl -
B 06 CJEJ ’ ug) .
S 04} ' 12,4+2) [2,-2) So4F
S +12,-2)
02F S o02f
S
1 1 1 1 1 1 1 1 w L 1 L L
% 1 2 3 4 5 6 7 8 s 0% 2 3 4 5
lattice depth V,,, [E,.] lattice depth V,, [E ]



114 4. Quantum gases in spin-dependent honeycomb lattices

illustrate the configurations for these cases as well as for a pure [1,-1) system.

SF-MI transitions at fixed particle number

As the experimental results in Fig. show, a considerable shift in the SF—
MI transition of the |1,-1) atoms is observed when the admixed atoms are in
the |2,-2). On the other hand, the transition remains practically unaltered in
the case of |2,+2). The observed suppression of tunneling in the |1,-1)—|2,-2)
mixture can be ascribed to a modification of second-order hopping processes:
At sufficiently deep lattices, the |1,-1) will almost exclusively occupy o~ sites.
Due to the large energy cost for occupying o* sites, they will visit these only in
virtual tunneling processes.

To understand the main principle, let us neglect entirely the occupation of
|1,-1) on o™ sites and of |2,-2) on o~ sites. Under this assumption, the effective
strength of the second-order tunneling process 0~ - % —» ¢~ is

o 12 /[(Eé;l) _ E((;l)) + U(S:l’—?)nf,?) _ Ué:l)(na__l) _ 1)] . (4.5)

This is the typical form for processes from second-order perturbation theory.
The numerator is the square of the transition matrix element from the state
with low energy (|]1,-1) at o) to the excited state (|1,-1) at ¢*); and the de-
nominator comes from the energy difference between the ground-state manifold
and the excited, virtual state. In the presence of |2,-2) particles on the o™ site,
the denominator is enlarged by Ui:l’_mnf;z). Effectively, the repulsive inter-
action with |2, -2) particles blocks second-order tunneling for |1,-1) and thus
shifts the SF-MI transition towards lower lattice-beam intensities. We find this
observed shift of the SF—MI transition reproduced in our Gutzwiller compu-
tations (see Figure [4.6b). Hence, by changing the relative composition of the
mixture, the critical point for the |1,-1) particles can be tuned.

SF—MI transitions in the grand-canonical ensemble

We can gain further insight into the underlying physical processes by considering
grand-canonical phase diagrams calculated in the Gutzwiller approximation.
This is in contrast to Figs. and [.6b, where we reached a desired particle
number by iteratively adjusting p. In Fig. [f7h, we show the phase diagram
against u for the same experimental configurations as discussed in Fig.[4.6] Here,
we have chosen the chemical potential equal for both components, i.e., u(’l) =
12 In the |1,-1)-|2,-2) mixture, this leads to an approximately 50%:50%
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Figure 4.7 Gutzwiller phase diagram of the multi-component Bose—
Hubbard model . (a) Mott lobes for realistic experimental pa-
rameters. An admixture of |2, -2)-atoms (blue dot-dashed line) strongly en-
larges the |1,-1) Mott-lobes with respect to the pure system (red solid line)
while an admixture of |2, +2)-atoms (green dashed line) hardly affects the tran-
sition. (b) In a |1,-1)-|2, -2)-mixture, when increasing the interaction strength
U;l’ﬂ) between the spin-components, e.g., by a Feshbach resonance [295], the
|1,-1) Mott-lobes grow. For large Ué;l’_z) the standard tendency that Mott-
lobes decrease with occupation number can even be inverted.
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relationship, while in the |1,-1)—|2, +2) mixture the |1,-1) atoms strongly repel
the |2, +2) atoms, such that the occupation number can be heavily asymmetric.
A clear modification of the MI lobes of |1,-1) can be observed when strongly
localized atoms are present in the complementary triangular sublattice, in our
case |2,-2). Such a strong modification with respect to the pure case does not
occur when both components tend to occupy the same sites, as happens in the
mixture |1,-1)+|2,+2). This perfectly agrees with the experimental observations
displayed in Fig. [{.6h.

Until now, all parameters for the theoretical calculations were drawn from
realistic experimental parameters of the Hamburg experiment. However, other
interesting effects can be generated by playing with the relative interaction
strengths. Consider, for example, a mixture of |1,-1) and |2,-2) atoms. Using
the approximation of Wannier functions as Gaussians described in Sec. the
interspecies interaction strength as for the Hamburg experiments with 8“Rb is
Ui:l’_Z)/U(’l) =1.1 and Ué:l’_Q)/U(’l) = 0.8. In this case, as is the standard
situation, the Mott-lobes decrease with occupation number. In Fig. 4.7p, we
demonstrate what happens when Ué:l’_” is artificially increased, which may
be achieved experimentally with the help of Feshbach resonances [296] — for
sufficiently large U~!~2 the standard tendency is inverted and the Mott lobes
increase with occupation number. This implies that the SF-MI transition for
higher occupation numbers occurs at finite tunneling, which would allow to
observe this transition in the interesting regime that interpolates between the
Bose-Hubbard regime (small occupation) and a regime described by a coupled
rotor model (large occupation). Such a coupled rotor model can be derived
as follows. In the limit of large occupation, the boson-operators in the Bose—
Hubbard model can be rewritten in the phase representation, substituting
al - /age | bl - \/ﬁ_few?, and A¢ > nY - iz0s. Here, n% = (A); is the
mean occupation number of species a = a,b at site i. In this approximation, the
Hamiltonian reads

- uge o2
H= ) [—Qto‘ (Z)Jﬁ?,/ﬁ?ces(&f‘—@?)—z 2” 5957 (4.6)
2,] T )

a=a,b

o ab— ¢t « a 0 ab g 0 —a
ZZ(U - Uf -+ Ef+ = U )&ga]—;Ui 80?6—9?+E0[ni]

where we defined ¢ as the species different from «.. Ey [n'] is a constant energy
depending on the mean occupation numbers. This coupled rotor model is similar
to Hamiltonians encountered in arrays of coupled Josephson junctions [297].
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4.5 Summary

To summarize this chapter, qualitative and quantitative agreement between a
Gutzwiller mean-field analysis and the comprehensive experimental studies by
the group of Prof. Sengstock in Hamburg allowed to explain the physics appear-
ing in ultracold bosons in a spin-dependent honeycomb lattice. In particular,
we have analyzed the SF-MI transition for pure samples and spin mixtures. We
have shown that the critical point, which for pure ensembles depends only on the
Zeeman state mp, can be tuned when admixing a second spin component. We
could explain this effect by considering second-order tunneling processes, which
become suppressed if a second atomic species blocks sites that are left empty in
the pure system. Controlling the tunneling rate by, e.g., locally switching the
spin-states opens perspectives for the implementation of atomtronic transistor
circuits [298]. In this context, we have shown that the modification of the Bose—
Hubbard parameters ¢/U arises from the combination of repulsive interaction
and the specific honeycomb lattice structure. This situation is clearly different
from, e.g., Bose-Fermi mixture experiments [299, [300] where ¢t and U are effec-
tively modified by higher order effects. Further, we have shown that mixtures
of different spin-components can lead to forced AFM states or states mimicking
supersolid behavior.

In our calculations, we used realistic model parameters. For the interac-
tion and energy differences between the two sublattices, we obtained these by
considering Gaussian Wannier functions. To estimate realistic tunneling matrix
elements, we fitted the exact band-structure for the single-particle problem to a
tight-binding model for the double wells. Comparing our theoretical analysis to
experiment, we found that NN tunneling alone is not sufficient to quantitatively
describe the experimental data, and — in contrast to standard optical lattices —
NNN tunnelings have to be taken into account.

There are many directions to explore with this quantum-simulation setup.
For example, in future experiments, one could increase the interspecies in-
teraction via Feshbach resonances, which, as we have demonstrated with the
Gutzwiller Ansatz, leads to a growth of Mott-lobes with occupation number —
contrary to the standard behavior. As promising further directions, entropy ef-
fects and entropic cooling [30T] can be studied in the honeycomb system. Also,
as demonstrated by Soltan-Panahi and coworkers, unconventional multi-orbital
superfluidity can arise in this system [302]. Further, by only changing the polar-
ization of the laser beams which create the lattice, a spin-independent triangular
lattice can be created [I60]. As discussed in Chapter |3) a bosonic gas in the
triangular lattice can then be used to mimic frustrated antiferromagnetism by
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employing a time-dependent lattice modulation. Particularly interesting, how-
ever, is the prospect of studying Fermi gases or Fermi-Bose mixtures in the hon-
eycomb geometry, such as is currently done in the group of T. Esslinger [162].
At half filling, these systems will mimic the physics of graphene [266], i.e., they
will exhibit a Dirac dispersion relation and related artificial relativistic effects.
Introducing artificial gauge fields in such a situation [10, 20, B03H306] will lead
to the occurrence of the anomalous quantum Hall effect and a whole variety
of exotic quantum phase transitions (see for instance the work of Bermudez et
al. [307]). In the next chapter, we show how these artificial gauge fields can
be achieved with the shaking techniques described in Chapter [3] and how this
allows to generate the anomalous quantum Hall effect, topological insulators,
and more.



Chapter 5

Non-Abelian gauge fields and
topological insulators via
lattice shaking

In this chapter, we show that the time-periodic driving techniques of optical
lattices described in Chapter [3] allow much more than “only” the quantum sim-
ulation of geometrical frustration. Combining a slightly more elaborate driving
scheme with spin-dependent lattices or lattices of exotic geometry (such as dis-
cussed in Chapter , we obtain an experimentally simple method to explore
various topological phenomena in optical-lattice experiments.

Topological order and topological insulators [281] are currently in the cen-
ter of interest of quantum physics, especially because of their possible appli-
cations in quantum information and spintronics [308]. For this reason, there
is an ongoing search in- and outside of solid-state physics on ways to realize
these in a feasible way. Here, ultracold ground-state atoms provide a very
promising playground [§] (although Rydberg-excited atoms [I07], trapped ions
[31], and photons in nano-structured materials [40, 42] offer interesting alter-
natives). Typically, topological effects require ultra-strong gauge fields or spin-
orbit-like couplings. There are several ways to achieve these with ultracold
atoms, from trap rotation [309] to (more efficient) laser-induced Berry-phase
imprinting [10, B03, B04]. In optical lattices, combining laser-induced tunnel-
ing with superlattice techniques allows for Abelian [205] and non-Abelian [310]
gauge-field fluxes of order m per unit plaquette, and for the realization of an en-
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tire toolbox for topological insulators [311]. So far, the first lattice experiments
led to the creation of staggered flux lattices [20] 805, B06], and other groups
follow this direction, employing, e.g., kagome [163] or honeycomb lattices [162].

Recently, there has been a burst of interest in another, experimentally less
demanding, approach to manipulate ultracold-atoms QSs, namely periodical
lattice shaking, such as described in Chapter 3.1l Simple sinusoidal shaking
leads to a change of strength, or even sign of the tunneling [216], 220], 312] and
allows to control the Mott-insulator—superfluid transition (for a recent work in
honeycomb geometry, see also the work by Koghee et al. [313]). While in the
square lattice this introduces neither frustration nor synthetic gauge fields, in
the triangular lattice a sign-change of the tunneling is equivalent to a w-flux
Abelian field [314]. As described in detail in Chapter |3} for weak interactions,
such a system mimics frustrated classical antiferromagnetism [165], while in the
hard-core boson limit it simulates frustrated quantum antiferromagnetism [164],
and is expected to exhibit exotic spin-liquid phases [202] 225} [257]. Moreover, as
we have reported on in Ref. [22], by breaking temporal symmetries of the shaking
trajectory, arbitrary phases of the tunneling in a 1D lattice have been created
in the experiments of K. Sengstock’s group. This allowed to shift the band-
structure, and, among others, to induce (quasi-)condensation at finite quasi-
momentum. Since in that case the resulting tunneling phases can, however, be
mapped by a suitable choice of gauge to the standard situation without phases,
we will not describe these results in detail, and rather focus in this chapter on
the, from a fundamental perspective, more important case of 2D lattices.

In the rest of this chapter, we will describe in detail how time-periodic shak-
ing of 2D lattices allows quantum simulation of (non-Abelian) artificial gauge-
fields, topological insulators, and related effects. First, in Sec. 5.1} we describe
which symmetries the driving function has to break to create non-trivial tun-
neling phases. Here, we generalize our discussion from Chapter to include
AC-induced tunneling (ACT), which permits greatly enhanced control over the
generated phases. Then, in Sec. we show in different (spin-independent)
lattice geometries involving triangular plaquettes how staggered gauge fields
arising through homogeneous shaking can control frustration and band struc-
tures. However, such homogeneous shaking cannot induce artificial magnetic
fluxes in square lattices. In Sec. we discuss how the time-periodic modu-
lation of a superlattice added to the square lattice makes this possible. This
technique even allows to engineer the form and extent of patches of strong ar-
tificial magnetic flux with the same sign. In Sec. 5.4 we demonstrate that
homogeneous shaking of spin-dependent honeycomb lattices (see Chapter [4)) al-
lows quantum simulating topological and quantum spin Hall (QSH) insulators
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(c.f. J267, 281]). Finally, we show in Sec. how simple sinusoidal shaking of
a spin-dependent square or honeycomb lattice, loaded with two different spin
components that are additionally mixed on-site via magnetic or Raman-laser
fields, generates non-Abelian SU(2) gauge fields, leading to an anomalous inte-
ger quantum Hall effect [315]. We conclude this chapter with some summarizing
remarks (Sec. [5.6). The corresponding results can be found in Ref. [211].

5.1 Basic scheme and temporal symmetries

We start by discussing the scheme for the creation of artificial gauge potentials
in driven lattices. For this purpose, we generalize the discussion of Chapter 3.1}
where we allow for a static energy offset between lattice sites, and consequently
ACT created by the driving [316], as it has been observed in recent experiments
[317H319]. As we will see below, this facilitates the generation of arbitrary
Peierls phases. Such an energy offset can easily be realized in spin-dependent
lattices such as the honeycomb lattice discussed in Chapter @l We generalize the
driven, Hubbard-type Hamiltonian to encompass bosons and fermions, but
we work in the regime of negligible interactionsﬂ Further, we include, besides
the periodic driving, a constant energy difference between sites.
Then, the system is described by

H(r) =~ tijala,; + > (g (7) + vihw) . (5.1)

0,J
Here, t;; are the (bare) tunneling matrix elements and a; (7;) is the annihilation
(number) operator for a particle at site ¢, which now can be fermionic or bosonic.
We choose the constant local energies v;hw resonant with the shaking, i.e., they
are characterized by integers v;. We will see later, that the additional freedom
permitted by ACT proves extremely advantageous for the generation of arbitrary
artificial fluxes.

Following the reasoning of Chapter [3.1.2] we now apply the gauge transfor-

mation (3.14)3.15)), but we generalize x¥(7), Eq. (3.13), to the situation with

constant energy off-sets,

X () = xi (1) = X7 (7) + viwT + ;. (5.2)

Mnter-particle interactions are not necessary for our purposes of simulating gauge-fields.
However, for several of the described effects it is an interesting and open question how the
topological effects change under the influence of interactions.
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Here, the constants ; represent the gauge freedom of choosing the local phase at
site ¢. Using this in the transformation (3.14}}3.15)) leads to the new Hamiltonian

H (1) = = 3 tige™ Dalay, (5.3)
ij

Here, we defined the general shorthand X;; = X; - Xj.

ij =
For large frequencies, Aw > t;;, this Hamiltonian can again be approximated
by its period average (3.21]), so that we obtain the effective model

Heor = (H' (1)) 1 Zt i . (5.4)

Here, we introduced the time average ( fo edr/T. The time-evolution in
Heg is effectively governed by the modlﬁed tunneling parameters

5l = by (MO ey (5.5)

In this treatment, the energy offsets v;hw have been absorbed 1n the time-
dependence of the particle operators in #'(7), and hence modify t [compare
Eq. (3-23) for the situation without energy offsets]. Therefore, in the absence
of periodic forcing v}, a non-zero v;;hw suppresses tunneling between ¢ and j
in Heg, so that teﬁ 0. Finite driving v} # 0 in the case of 1/1] # ( generates an

ACT, so that effectlve tunneling matrix elements are finite, ¢ # 0.

’ 7]
The leitmotif of the present chapter is to use this control scheme to induce
Peierls-type phases

05 = arg((ei(X?}(T)Jer‘ijJr%j))T) (5.6)

that cannot be eliminated globally by choice of gauge, i.e., by adjusting the
constants ;. Such non-trivial phases correspond to artificial Abelian gauge
fields. The gauge-invariant magnetic flux ¢ € |-, 7] piercing a lattice plaquette
P is (modulo 2m) obtained by summing the 6;; around P.
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We identify the following symmetries of the driving which imply trivial 6;; = 0
vi, j ]
(r) global reflection symmetry v (-7 —7°) = v¢ (7 - 7°) with respect to a
site-independent time 7* (in this case, using the choice v; = —v;wT* gives
0i5 =0 Vi, j);

or, if ACT is not involved (i.e., v;; = 0),

(r") local reflection symmetry vy (=7 - 7;;) = vy (7 — 775) for suitable local
times 7;; (since v;; = 0 implies that 7;; = —v;;w7;; can always be fulfilled,
independent of 7;;); or

(s) shift antisymmetry v¥ (7 - 2) = —0(7) (with ~; = 0).

These symmetries have to be broken to achieve artificial gauge fields. From
these, we see that the driving v’ (7) is subject to less constraints if ACT is
involved. This is nicely exemplified by recent proposals where already simple
sinusoidal forcing [fulfilling (r’) and (s)] leads to magnetic fields when combined
with ACT - provided the temporal phase of the driving can be made site depen-
dent [thus breaking (r)] [199, B20]. In the following, we consider experimentally
feasible scenarios where the whole system is driven in phase [such that both (r)
and (s) are broken].

5.2 Staggered fluxes in triangular plaquettes

In plaquettes that do not have pairwise parallel edges (e.g., triangular ones), ar-
tificial magnetic fluxes can be generated simply by a homogeneous time-periodic
force F(7) [22,210]. As in Chapter[3.1] we consider an inertial force obtained by
shaking the lattice along a periodic orbit x(7) in space, resulting in the driving
potential v{’(7) = —r; - F'(7) with site position r;. Accordingly, for v;; = const
the Peierls phases 6;; depend only on the vector 7;; = r; — r; connecting the
two sites ¢ and j, i.e., 0;; = fo(r;;). Here, we consider a unidirectional force
F(7) = F(r)er with ep = cos(¢r)e, +sin(¢r)e,, and — in contrast to Chap-
ter 3.1 — a paused-sine-wave amplitude as depicted in Fig. [5.Th,

Fy sin(%T), 0 <tmodT < T}

F() :{ 0, Ty <7modT < T (5.7)

This form of driving breaks both symmetries (r) and (s).

2For the special case v; = 0 see also Ref. [22].
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Figure 5.1: (a) Example for a driving function breaking symmetries (r)
and (s), a paused sine-wave, Eq. (5.7). (b-d) Lattice geometries involv-
ing triangular plaquettes pierced by an artificial magnetic flux ¢y A = £¢ as
indicated by + and — signs. (b) Triangular lattice. (c¢) Kagome lattice with
effective tunneling 5 (¢5) along the solid horizontal (dashed diagonal) bonds
(see Sec.[5.2). (d) Honeycomb lattice where NN tunneling between shallow A-
sites and deep B-sites is AC-induced (solid lines) and NNN tunneling connects
only A-sites (dashed lines). The corresponding undriven matrix elements are

t and ¢, respectively (see Sec. [5.4).

a)

S O S

Inserting the relationships (3.13) and (3.20) into Eq. (5.5)), and carrying out
the time integration, such a driving creates for v;; = 0

et o T-T;
Yig AL iy | _gime T + ol 1]. 5.8
tiy T ¢ [ ¢ jo(mj) ¢ T, (5:8)

Here, we defined the dimensionless driving amplitude 7;; = r;; - ep FoT1/(27h).
For Ty = T, we recover the result , and for 77 = 0, relationship (5.8)

simply expresses the freedom in the choice of gauge. For the special case T =

T'/2 (and choosing the local phases v;; = 0), the Peierls phases 6;; are thus

L+ Jo(mij)
1- L70( lj)

The tunable flux threaded through a triangular plaquette A as sketched in
Fig. —c is then ¢ = fo(er) + fo(—ex/2 +V/3/2e,) + fo(—-e./2 — /3/2e,)
(and similarly for Fig. , where the triangular plaquette is spanned by next-
nearest-neighbor tunneling). It can be non-zero since fg(7;;) is a non-linear
function of 7;;. The resulting flux through the inverted plaquette is ¢y = —@a,
such that one can create in the triangular or kagome lattice staggered flux
patterns as shown in Fig. [5.Ip-c.

These fluxes continuously control the degree of frustration from none for zero
flux to maximum for 7-flux [corresponding to ferromagnetic (FM), —tfjﬁ <0, and

tan g

tand;; = tan fo(r;;) = (5.9)
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antiferromagnetic (AFM) coupling, —t?;f > 0, respectively]. The fully-frustrated
regime gives rise to intriguing physics; for example, the flat lowest band of the
kagome lattices makes the system extremely susceptible towards interaction-
driven physics [321]; moreover, as discussed in Chapter 3] the case of hard-core
bosons can be mapped to the spin-1/2-XY antiferromagnet where spin-liquid
ground states are predicted to occur for the spatially anisotropic triangular
lattice. For the case of the kagome lattice as realized in the experiments at
the group of D. Stamper-Kurn [I63], the physics of strongly frustrated XY
interactions is still unexplored, but since the Heisenberg kagome lattice hosts
quantum disordered ground states [322], similar quantum effects may also be
expected in the XY case.

The ability to tune continuously between zero and maximum frustration can
be a powerful tool for the adiabatic preparation of frustrated quantum phases.
In the scenarios involving simple sinusoidal driving described in Chapter |3] the
effective tunneling is just the bare tunneling dressed by a zero-order Bessel
function, Eq. . To tune the tunneling from FM to AFM via this sim-
ple driving involves, therefore, reducing the tunneling strength to zero before
achieving negative values. As long as the driving amplitude remains in the FM
regime (i.e., positive values of the Bessel function), the dispersion relation has
a unique (although ever shallower) minimum at the origin of the first Brillouin
zone. At the first zero of the Bessel function, the tunneling vanishes, the atoms
are perfectly localized, and the dispersion relation is completely flat. When
reaching the AFM side, new minima at finite k appear. Therefore, when the
driving amplitude crosses the zero of the Bessel function, the peak of the atom
momentum distribution has to “jump” from k = 0 to |k| > 0, which can lead
to undesired heating. This can be avoided if, instead, the frustration is tuned
by the phase. In that case, the dispersion relation never becomes flat, and the
minimum can be moved adiabatically from k =0 to the AFM value.

Further, the realization of tunable staggered fluxes gives rise also to inter-
esting physics in its own right. For example, in the bosonic case deviations
from m-flux directly map to tunable Dzyaloshinskii-Moriya couplings and thus
allow to explore magnetic models with spin-orbit coupling [323]. In Fig. [5.2 we
present another possibility, namely to use a finite flux ¢ = ¢ to manipulate the
band structure of optical lattices that host triangular plaquettes. We illustrate
this on the example of a kagome lattice with an anisotropy in the tunneling
couplings, such that |t§’jf-f| equal to 5T (#5) along the horizontal (other) bonds
(see Fig. ) As our findings suggest, the three bands of the kagome lattice
feature a complex band-touching structure whose topology can be controlled by
the driving.
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Figure 5.2: The topology of band
touching for the kagome lattice can be
controlled by tunneling anisotropy 5" /t5T
and plaquette flux ¢. The way and how
often the three bands touch is depicted by
the icons. In the green (white) region, there
are six (four) points where bands touch.
Especially interesting is the yellow bullet
to the right, where the flat lowest band
makes the system extremely susceptible to
interaction-driven physics [321].

5.3 Superlattice modulation and flux rectification

In lattices with pairwise parallel bonds, such as square lattices, the homogeneous
driving discussed so far cannot create artificial magnetic fluxes. To generate
them, one can, however, employ inhomogeneous forcing, which can be achieved
by adding to the square lattice an oscillating superlattice like

VD) = JOV) = JO) T eos(da 7). (510

where Vy(r) may be incommensurate with the host lattice. To arrive at non-
trivial Peierls phases, the driving function f(7) = f(7+7T') has to break symme-
tries (r) and (s). To achieve a vanishing mean, (f(7))r = 0, each component «
of the lattice can be created by two non-interfering standing waves such that

F(T)Vacos(qaT=9a) = Vi(T)cos(qoT—0a)+ Vi (T) cos(qa T —pa+m), (5.11)

with V., V. > 0. The resulting on-site energies read v¥'(7) = V(r;,7), and the
Peierls phases 0;; will be a function 6(7;;) of the amplitude 7;; of (v¥’ —v$')/hw.

In Fig. we show — on the example of a square lattice with a paused
sine-wave shaking function as in Fig. (with Ty/T = 0.8) — that, using dif-
ferent superlattice structures, various configurations of plaquette fluxes can be
engineered, including stripes or extended patches where the magnetic field is
approximately constant.
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Figure 5.3: Modulation of the amplitude of a superlattice can generate
strong artificial magnetic fluxes ¢ that point in the same direction within stripes
or larger patches, even in lattices with pairwise parallel bonds such as square
lattices. The examples show that various spatial patterns are possible. We
show magnetic plaquette fluxes for superlattices V. of (a-b) one component
(a = 1), and (c-d) two components (« = 1,2), and the parameters given in
purple [see Eq. ; in all cases, the modulation phase ¢, = 0]. To provide
scale, the lattice constant d of the square lattice is also indicated.

In the long-wave-length regime (|gnd| < , valid for Figs. [5.3b-d) these
plaquette fluxes are approximately given by

06 (u,(r)) 90 (wy (1)
Owy(r) ow,(r) |’

o(r) ~ %wmy(r) (5.12)

where wy, (1) = d?9,0,V(r)/(hw) and w, = dd,V(r)/(hw), with u = z,y,
are the scaled curvature and gradient, respectively. Therefore, roughly larger
superlattice-wave-lengths imply larger patches of quasi-constant flux.

As these consideration show, superlattice modulation can generate strong
magnetic fluxes through square plaquettes, which is not possible by homoge-
neous shaking schemes. Even more, it can create not only staggered fluxes, but
also large regions with approximately constant magnetic field. In these regions,
strong-field quantum Hall-type physics can be studied. Their inhomogeneity
and finite extent provide a promising test ground for the investigation of robust
edge modes.
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5.4 Topological and quantum spin Hall insulator

Such plaquette fluxes open also another intriguing possibility: they can be used
to engineer topological and QSH insulators [267], which are currently receiving
much attention in the quantum physics community [281]. These systems defy
ordinary band-structure considerations. They are gapped in the bulk, i.e., they
are insulators. Yet, at their boundaries the gap closes and they host currents
localized to the edges, i.e., here they are metallic. These edge currents are ro-
bust against disorder, which makes these system interesting candidates for novel
electronic components. Further, QSH insulators, where the edge modes trans-
port only spin but no charge, are considered as possible elements for spintronic
devices. Further, certain topological insulators may also host Majorana edge
modes which may be useful as qubits for topological quantum computing [308].
Interestingly, under this novel paradigm, the integer quantum Hall effect with
its insulating bulk and localized edge currents can be considered a topological
insulator.

5.4.1 Mimicking the dispersion relation of a topological
insulator

To create a topological insulator via lattice shaking, we consider a spin-dependent
honeycomb optical lattice loaded with two spin components, 1t and |. The lat-
tice has a bi-atomic bases, and we consider a situation where sites of the A (B)
sublattice are energetically lifted (lowered) by AFE/2 for t particles, and vice
versa for | particles. In Chapter [l we described how such a lattice has been
realized in the experiments of the group of K. Sengstock [I61]. While there we
were interested in the interaction-driven SF—MI transition of bosonic mixtures,
we assume for the following discussion that we work in a regime where inter-
actions can be neglected. Further, to quantum simulate topological insulators
such as relevant for electronic solid-state systems, the honeycomb lattice should
be loaded with ultracold fermionic atoms, where the 1 and | particles could,
e.g., be atoms with mpg = £1/2 hyperfine states. A tunable honeycomb optical
lattice with fermions has recently been realized in the experiments of Tarruell
and coworkers [162].

We first focus on a pure system of f-particles. For substantial detuning
AFE we can assume that nearest-neighbor (NN) tunneling (between A and B
sites) is energetically suppressed and that next-NN (NNN) tunneling is relevant
only between sites of the “shallow” A sublattice as sketched in Fig. [5.1d. Now
assume that the system is driven resonantly by a time-periodic homogeneous
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force of frequency vaphw = AE (with integer v4p) that both re-establishes NN
tunneling by ACT and creates finite artificial fluxes through the triangular NNN
plaquettes of the A sublattice (“+” and “~” in Fig. [5.14).

In this case, the effective Hamiltonian becomes

Het == 3 ( >t M+ ¥ 5t fj) +hee., (5.13)
ieA \(i,j) (3,90
Here, (i, j) denotes pairs of NN sites, which are connected by 71 = (V/3e,+e,)/2,
79 = (-V3e, +€,)/2 and T3 = —e,, and {(i, 7)) are pairs of NNNs in sublattice
A, connected by T4 =T1 -T2, T5 =T1-T3, T = T2 — T3, and —T4 5.
The topological nature of this Hamiltonian becomes best visible in its mo-
mentum representation. To this, we apply the Fourier transform

. {\}NZkeik”fAk, it ieA,

- Ak T 5.14
/ %krika, if deB, ( )

S
where N is the number of unit cells of the honeycomb lattice. Defining f'k =

(fAk, ka)T and introducing the corresponding Pauli matrices o for the sublat-
tice degree of freedom, the resulting Hamiltonian can be written in the compact
matrix form

Heir = Y. fh(k) fi, (5.15)
k
where 1
h(k) =R (g(k))o. - (g9(k)) oy + g'(k)§ (I+s.0.) . (5.16)

Here, we defined s, =1 for 1 particles, and the effective NN (NNN) tunnelings
tef (#4°) appear in their Fourier transforms,

gk) = - > tsffetkms (5.17a)
T§=T1,2,3
gk) = - 3 ek (5.17b)

T5/=:k7'4y516
iy iy
Here, we introduced the notation t(’)g = t(')jj for r; = r; + r5. Diagonalizing
h(k) gives the dispersion relations

2 = 50 () + g R+ g (R) 2P (5.18)

for the two bands. Under appropriate shaking, this dispersion relation is that
of a topological insulator, as we discuss in the next section.
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b) sgn(m,) = sgn(m,) C) sgn(m,;) = —sgn(m,)

Figure 5.4: Sketch of dispersion relations. (a) Dirac cones. At vanishing
NNN tunneling, the system can possess Dirac cones at ki2. A finite NNN
tunneling splits the bands, and the Dirac cones acquire the masses mi 2 =
g'(k12). (b) Topologically trivial system, nc = 0. If m; and m» have
the same sign, the resulting edge mode crosses the Fermi energy Er an even
number of times. The number of right-moving (green dot) and left-moving (red
dot) edge modes is equal and the edge current vanishes. Inset: Local changes
can deform the system into a topologically equivalent one where no edge modes
cross Er. (c) Topological insulator, nc = +1. If m; and m2 have opposite
sign, the edge modes cross Fr an odd number of times; they are topologically
protected and conduct current.

5.4.2 Topological insulators and Haldane model

At vanishing NNN tunneling (¢’ = 0), the system can possess a pair of points
where the two bands touch, i.e., g(k1,2) = 0. These so-called Dirac points have
light-cone-like dispersion relation, see Fig. . A finite ¢’ will split the bands
at these points and the Dirac-type dispersion relations found near k; » acquire
finite curvatures, i.e., “masses,” mq 2 = ¢'(k1,2)-

Due to the gap created by ¢, the system is an insulator if the lower band
is entirely filled, i.e., if Er lies within the gap. If the system has a boundary,
however, the splitting of the Dirac cones in the bulk gives rise to modes localized
to the edge. These can conduct an effective current if the number of right- and
left-moving edge modes is different. For each edge mode, the direction of the
localized current associated with it is determined by the group velocity vp,
which is given by the way the dispersion relation of the edge modes intersects
the Fermi energy Er. At a boundary along the p-direction, with u = x,y, the
group velocity hvr = de/dk,|g,. > 0 defines a right-moving edge mode. On the
opposite boundary, the corresponding group velocity will have the opposite sign.

In a case where the mass terms my o have the same sign, which is the stan-
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dard situation, these edge modes cross the Fermi energy an even number of
times (Fig. [5.4b). The number of right- and left-moving edge modes is then
equal at each boundary and there is no chiral current around the sample. The
topological invariant describing the conduction properties of the edge modes,
the Chern number, takes the value nc = 0. This vanishing Chern number im-
plies that the system is topologically equivalent to a trivial system without any
edge modes. The edge modes are therefore not topologically protected, and a
change of the dispersion relation, by adjusting the Hamiltonian locally near the
boundary, can entirely remove them (Fig. [5.4b, inset).

If the mass terms have different signs, on the other hand, the edge modes
cross the Fermi energy an odd number of times (Fig. [5.4c), which also implies
a chiral current around the sample. A local change of the Hamiltonian can still
deform the dispersion relation, but it can not entirely remove the edge modes —
the difference between the number of right- and left-moving modes is preserved
under any such local changes, i.e., it is a topological invariant. In fact, it equals
the Chern number difference between the sample and the surrounding medium
(the vacuum has ne = 0). This surprising one-to-one relationship between a
bulk property (the Chern number) and the conductance at the boundary is
known as bulk-boundary correspondence [281]. In our case, if the masses mq o
have opposite sign, the lowest band possesses the finite Chern number ng = +1.
Then, if the lowest band is filled with 1 fermions (this requires that the bands do
not overlap in energy), the system is a topological insulator with finite quantized
Hall conductivity and robust chiral edge modes.

Even more, repeating the above reasoning for | particles, for which the role
of A and B sites is interchanged, one obtains the same result, but with s, = -1
entering in Eq. (5.16), and inverted Hall conductivity. Filling the lowest band
for both 1 and | particles, therefore, leads to a state with vanishing net particle
current but finite spin current, since the edge modes have opposite chirality for
the two species — the system thus realizes a QSH insulator [324].

It is instructive to compare our proposed setup to the Haldane model [323],
where this type of topological insulator was predicted first. The Haldane model
is a honeycomb lattice with uniform NN tunnelings ¢ and NNN tunnelings ¢’ that
are equal for the two sublattices A and B. A staggered magnetic field induces a
phase 6 which has the same chirality on both sublattices (i.e., it has for all NNN
tunnelings a positive sign if taken clockwise within one plaquette, see Fig.[5.5pb).
The Hamiltonian matrix describing this situation can be written as

huaa(k) =R (9(k)) ox =T (g(k)) oy +2cosOR (¢ (k)) I+ ZSinHJ(g'(k)zaz )
5.19
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Figure 5.5: Schematic comparison of Peierls-phase patterns on the
honeycomb lattice. (a) For a uniform magnetic field, positive phases 6 are
picked up along the directions indicated by the arrows. The corresponding
phase chiralities (denoted “+” and “-”) for the two sublattices A and B cancel
each other, leading to nc = 0. (b) In the Haldane model, a staggered magnetic
field leads to same-sign phase chiralities on the two sublattices, thus breaking
time-reversal symmetry. The system acquires a non-trivial nc = £1. (¢) In
our proposal, time-reversal symmetry breaking, and the associated non-trivial
Chern number, is achieved by canceling the NNN tunnelings for one sublattice
(here, B) by making its wells sufficiently deep.

The details of our h(k), Eq. (5.16), differ from hpaa(k), but in both cases
the term g(k) given by NN tunneling creates Dirac cones, and these are split
by terms proportional to o, generated by the NNN tunneling ¢’(k). Similarly
as in our case, given an appropriate phase structure, the resulting mass terms
proportional to o, can have opposite signs at the two Dirac cones. We compare
the lattice and phase structure of the original Haldane model with our proposal
in Fig. In each case, for such mass terms with opposite sign to be possible,
one needs a certain amount of time-reversal symmetry breaking. For this, the
chiralities of the phases for the NNN tunnelings associated to the sublattices A
and B must not cancel. In the original Haldane model, the chiralities were set
equal using the staggered field. Here, we took a different route and turned off
completely the NNN tunneling for one sublattice (in our case B). For this, the
wells of the B sublattice must be much deeper than the ones of the A sublattice,
which implies a strong energy difference v4 phw. However, this energy difference
would contribute to h(k) a term proportional o,. This contribution, therefore,
also produces a mass term, but, since it is independent of k, with equal sign at
both Dirac points. It, hence, counteracts the opposite signs of the mass terms
created by the NNN tunneling ¢'(k), and thus works against a non-trivial Chern
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number. The ACT, which is employed to tune the Peierls phases of the effective
tunnelings, also effectively cancels this energy difference and thus allows to
achieve mass terms with opposite signs.

5.4.3 Numerical example

As a concrete example to implement the proposed scheme, we consider unidi-
rectional forcing F(7) = F(7)er with unit vector e = (cos(¢r),sin(pr))" and
F(7) as given by the paused sine-wave (see also Fig. [5.1p). We use the
concrete parameters hw = AFE/2 and T} = T/2, which yields a NNN tunneling

t’gﬁ/t’ similar to Eq. (5.8). In this case, the NN tunneling is given by

teff 1 05
L = _7261 2
2

. Ji(ns) - (5.20)

(In the direction rs where v;; = 1; in the opposite direction v;; = —1 the phase
changes sign.) Here, we introduced the undriven NN (NNN) tunneling matrix
elements ¢ ().

To find Dirac cones for these effective tunnelings, we first compute the dis-
persion relation for t' = 0, and find via numerical minimization the points
where the gap between the two bands closes. Then, we compute the masses
mi = ¢g'(k12) at these Dirac points (if they exist). In Fig. , we plot the
smaller one of the two mass terms, [m<| < |ms|. As this shows, by varying the
angle pr and the dimensionless forcing amplitude n = dFyT;/(27h) (with d the
lattice constant), we can access various topologically distinct phases. There are
topologically less interesting regions without Dirac points (white), and regions
where the forcing is perpendicular to one of the NN bonds (gray), suppressing
the corresponding tunneling and rendering the physics effectively one dimen-
sional (when neglecting NNN tunneling). Besides these, there are parameter
spaces where the two Dirac points acquire mass terms of the same sign (hatched
horizontally and diagonally) and parameter regions where the mass terms have
opposite sign (un-hatched), i.e., where the topological insulator is realized. Be-
tween these, topological quantum phase transitions occur, marked by a closing
of the gap and therefore (at least one) vanishing mass term (dark color).

As Fig. demonstrates, changing the driving allows to manipulate the
Dirac cones. In Fig. [5.6b, we show in detail for the case of pr = —27/15 how
the Dirac cones can be moved and merged, simply by increasing the driving
amplitude n. We plot the trajectory for a pair of non-equivalent Dirac points.
As can be seen, sometimes a pair of Dirac points splits and merges again at
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Figure 5.6: (a) Quantum spin Hall phase diagram. The honeycomb lat-
tice (as shown in Fig. ) is subjected to a paused-sine-wave driving with
amplitude 1 and direction er = (cos(¢r),sin(¢r))", leading to a splitting of
the two non-equivalent Dirac cones with masses m. . The color scale denotes
the smaller one, |m<| < |m>|. In the diagonally (horizontally) hatched region
both masses are positive (negative). In the un-hatched region, they have oppo-
site sign. Here, the system is a topological insulator (or, for two spin states, a
quantum spin Hall insulator). In the white (or gray) regions no Dirac points are
present (or a small nearest-neighbor tunneling < 0.02¢ renders the physics ef-
fectively 1D). (b) Position of two Dirac points in k-space for pr = —27/15,
indicating how they move and merge as a function of the driving amplitude 7.

some larger 7, forming a loop in k-space, while other times they merge with the
Dirac points from different pairs, forming open trajectories in k-space.

As a final remark, in the analysis of this section, we assumed negligible
atom—atom interactions. Since general results about topological insulators in
the presence of strong interactions are limited (see, e.g., Refs. [326H328]), it
would be interesting to observe their effects by tuning them — e.g., via a Feshbach
resonance — in an ultracold-atom experiment.

5.5 Non-Abelian SU(2) gauge fields

In QSH insulators as described in Sec. [5.4] the two species involved acquire
opposite phases, thus realizing a specific non-trivial SU(2) gauge field for the
species degree of freedom. The periodic driving permits, however, even more:
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it allows the exploration of arbitrary non-Abelian SU(2) gauge fields, if the two
species additionally are mixed. To show this, we consider two species 1,| with
opposite spin (say, hyperfine states mp = £1), which will constitute the degree
of freedom for which the SU(2) gauge fields are created.

Quantum simulation of such non-Abelian SU(2) physics is relevant to the
electroweak interaction of the Standard Model of particle physics, and an ex-
tension to SU(3) may even give insight into phenomena from quantum chromo-
dynamics. Systems with non-Abelian anyonic excitations may also find useful
application in topological quantum computing [329]. For these reasons, the
prospect of quantum simulating non-Abelian gauge fields has received increased
interest in recent years (see, e.g., the works [303, 307, 310} B15] B30-337]), but
mostly in the context of artificial gauge fields induced in rotating condensates
or by laser-mediated Berry-phase imprinting. Our proposal, based on a simple
time-periodic driving of the lattice, appears experimentally more straightfor-
ward. (In a similar vein, Bermudez et al. [I99] considered — among others — how
driven on-site potentials can generate non-Abelian SU(2) gauge fields. Although
their work is motivated by trapped ions, the main ideas can be translated to
neutral atoms in optical lattices.)

5.5.1 Engineering non-Abelian SU(2) tunneling matrices

To illustrate our scheme, we assume that the two species 1 and | are loaded
into a spin-dependent square lattice as depicted in Fig. 5.7h. Such a lattice
can be created by two perpendicular pairs of counterpropagating lasers that are
polarized in plane and have a phase shift of 7/2 [338]. The result is a bipartite
square lattice with alternating ¢~ and o* polarized sites, which we denote as A
and B. This situation is quite similar to the one explored in Chapter [ for the
honeycomb geometry. We will comment on this situation further on, where, in
particular, we will show that in that case a little additional experimental effort
is needed in order to create non-Abelian SU(2) gauge fields.

The hyperfine states mpg = +1 couple differently to the ¢* and o~ polariza-
tions of the bipartite lattice, such that for t-particles (mpg = +1) the o* wells
are shallow and ¢~ wells deep, and the other way around for | (mp = -1). In
such a situation, the energy of t particles is lifted (lowered) by AFE/2 on A
(B) sites, and vice versa for | particles. These energy shifts are summarized
by AEoc,s,/2, if we introduce two sets of Pauli matrices s and o for spin (1 or
}) and sublattice (A or B) degree of freedom, respectively. Due to this energy
difference, NN hopping will be off-resonant so that it is realized by ACT only,
providing the necessary control for our scheme.
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Figure 5.7: Creation of non-Abelian SU(2) gauge fields. (a) Lattice
geometry. Two standing laser waves with a phase shift of 7/2 and in-plane
polarization € as denoted in the figure create a bipartite square lattice with
alternating o~ and o™ polarized sites (4 and B). mp = +1 particles feel an en-
ergy difference of +AE between A and B sites. (b) Resulting level scheme.
A constant B-field realizes an additional on-site energy splitting AE’ (blue ar-
row) such that |AF4 g| = | + AE + AE'| becomes sublattice dependent. The
coupling €2 of both spin states can be realized by magnetic or microwave fields.

Including the NN tunneling ¢, the Hamiltonian of this system reads

. 1
H=- talla; + Z&I§AEozszdi, (5.21)
(i) i

with d;r = (Gir, Giy ). At this stage, the tunneling matrix equals the 2 x 2-identity
matrix, which we included in Eq. for emphasis. Our aim is to engineer
the system in such a way that it can be any arbitrary SU(2) matrixﬂ

For this reason, we need several additional ingredients. First, to realize
arbitrary non-diagonal matrices, additional magnetic or microwave fields couple
the two species on site with a strength ). Further, to realize non-commuting
matrices, we will need a stronger distinction between the sublattices than a
mere sign difference of the energy splittings +AF. One way would be a site-
dependent coupling strength 2. For now, we pursue a different possibility,

30ur scheme works also for mixtures of species with different absolute value of hyperfine
quantum number (e.g., mp = 0 and 1). In that case, however, the two species will have distinct
bare tunneling, realizing a tunneling matrix # [ in the initial Hamiltonian . This mingles
the non-Abelian physics with a spin-orbit coupling. We do not pursue here this interesting
possibility.
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namely the creation of site-dependent energy splittings. These can be induced
by a constant magnetic field B, which produces the site-independent energy
splitting AE’. These additions can be summarized in the site-independent term
AFE’s,[2+Qs,. The absolute value of the total 1—|-splitting AE; = AEc, - AE’
becomes then sublattice dependent. The resulting level structure is summarized
in Fig. [5.7p, where we define AE; = AE4 p if ieA, B. With these ingredients,
the Hamiltonian becomes

N 1
H=-3 td}l[aj+Z&j(§AEisz+Qs$)ai. (5.22)
(i,3) d
To capture their effect in a single matrix, we diagonalize the on-site Hamiltonian
5 a1 .
Hi=a; iAEisZ +Qs, | a;. (5.23)

This is achieved with the transformation l;z = u;rdlv, where u; are time-independent
unitary 2x2-matrices. Labeling the on-site eigenvalues as +h\;, with

1 2
hi = \[AE? +402, (5.24)

H== Y tblulusb; + Y blAAs.b; . (5.25)
(2,5) i

we arrive at

Now, the tunneling matrix is described by u;ruj, and it is clear why the sublattice

dependence entering through AF;/(2) is necessary: it achieves generically
u;ruj # u;rui =L

To achieve genuinely non-Abelian physics, we require a final ingredient.
Namely, it is not enough to have two non-commuting tunneling matrices. In-
stead, one has to demand the stronger condition that their product around a
plaquette, the so called Wilson loop L, not simply yields a phase e'*T [315].
Namely, if £ = e’ is the case, the physics is equivalent to an Abelian magnetic
flux ¢, and one can find a gauge where the tunneling matrices are all individ-
ually proportional to the identity. At this point, the Wilson loop describing H

as given by Eq. (5.25) is
L= uLuB uLuA uLuB uLuA =1, (5.26)

identifying the physics of this system as Abelian. (Here, we abbreviated wiea g =
ua,p and fixed the convention to start at the bottom left corner of a plaquette
with sublattice A.)



138 5. Gauge fields and topological insulators via lattice shaking

To arrive at a non-Abelian Wilson loop, we now introduce a non-linear el-
ement, namely lattice shaking realized by a simple spin-independent sinusoidal
drive v¢(7) = —7; - Fy cos(wT). The Hamiltonian now becomes

H=— tblulu;b; + S b [ANis, +v¥(1)]b;. (5.27)
(4.4) i
As in the derivation preceding Eq. 1) the unitary transformation exp( -

iy IA);r[)\ﬂsz - sin(wr)]f)i) with n; = r; - Fo/(hw) leads to a purely kinetic
Hamiltonian

7:[1(7') = - Z ti)jWU(T)i)] . (528)
(4,5)
Here,
—in;; sin(wT & 'ei(Ai_Aj)T di ’e_i()\i-‘—)\j)T
Wij(T) =e " (wT) (—d}jei(“”-fﬁ C:;e_i()\l_)\j)T , (5.29)
if we parametrize u;ruj as
ij  dij
ufu, = (_Cdj.*. 434) . (5.30)
i ij
For hw > t;;, we can approximate 7:['(7) by its time average
Herr = (H')r = - 3 15761 M;b; (5.31)
(4,5)
with the effective tunneling matrix elements
t57 =t/ det (W), (5.32)

and the matrices
M;j = (Wij)r [\/|det ((Wiz)T)|- (5.33)

This choice of normalization ensures det M;; = 1 and allows to separate genuinely
non-Abelian effects from a mere driving-induced modification of the overall tun-
neling amplitude. To achieve finite tfjf-f # 0 via ACT, we require

AieB £ Ajea = Vi w (5.34)

with integers v,. Then, the matrix elements of M;; can be obtained from

_(cii T (i) dijTo, (mig)
(Wi >T_(di*ju7u+(77ij) —ijju,(mj) ’ (5:35)
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Here, the amplitude of the forcing 7;; = (r; — ;) - Fy/(hw) depends only on the
direction 7;; = r; —r; of link 77, which depends on the lattice geometry. Further,
to ensure unitarity M;;M;; = I, we have to impose the additional condition that
the v, are either both even or both odd (to see this, use v_(ji) = —v_(ij) and

Mji = ~1ij)-

5.5.2 Analytic calculation of the Wilson loop

Now, we derive an analytical expression for the Wilson loop £ around a fun-
damental plaquette. First, we show that it is independent of the choice of the
local phases of the two states 1 and |. For this, it is convenient to write the
unitary matrices u; diagonalizing the on-site Hamiltonian as

u; = e3Misvpi(Piss+Bi) (5.36)
where AE
A; = arctan 20’ : (5.37)

The phases ¢; and f3; generalize the v; from Eq. to the situation of two
species; they attest the freedom in choosing the phases of the two states which
form the local basis. As these are arbitrary, physical observables such as the
Wilson loop operator £ cannot depend on them. This is immediate in the
absence of periodic driving. Indeed, in that case the Wilson loop is the identity
whatever choice of the phases we take in w;, since Eq. contains only
products of the form ujul = 1. In presence of periodic driving, the cancellation
of the phases is slightly more involved.

From the definition of the M;;, Egs. and (5.35)), it can be seen that
their matrix elements have the same phases (up to multiples of 7) as the elements
of u}tuj given in Eq. . (The moduli of the matrix elements of M;;, on the
other hand, are independent of the phases of u;ruj) This implies that for two
different choices of the local phases at the sites ¢ and j, say {¢:, 8i, ¢;, 5} and
{¥is Bis ¢}, B}, the effective hopping matrices relate as

MZI] — ei(A¢i82+A5i)Mije_i(A¢j82+Aﬁj), (538)
where Apy = ¢} — vk, and ABy = B, — Bx. That is, the choice of the phases
commutes with the time-average procedure. It follows that, as in the time-
independent case, the phases cancel out when the hopping matrices M;; are
multiplied in the Wilson loop £. Hence, £ is independent of the choice of local
phases, as it should be.
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We finally remark that the same happens for more involved choices of the
optical lattice, as the actual form of the local Hamiltonian does not play any
role (cf. Sec. [5.5.4).

Using this result, we may choose ¢; = 5; = 0, Vi, which, together with
Eq. , implies that

e e3(hi=Ai)sy (5.39)

K3

From this, we can derive an analytical formula for the Wilson loop, which will
us help understand under which circumstances it can be non-Abelian. To do
this, we call, in all generality, M the forcing-induced non-linear map that re-
lates ul.tuj to the effective hopping matrix M;;, M;; = M[quJ] As mentioned
in the discussion following Eq. (5.35), the energy differences v, and v_ have
to be integers which are either both even (“even forcing”) or both odd (“odd
forcing”). It is convenient to characterize the action of M separately for these
two situations.

Even forcing

First, we analyze the action of M for even forcing, i.e., vy = 2n, v_ = 2n’. By
construction, M maps (i) unitary matrices to unitary matrices, and (ii) real
matrices to real matrices. From this, it follows, using Eq. (5.39)), that

M[u;ruj] = M[ehisv] = eiNissy (5.40)

where
T2n (M)
T2n(Miz)

Since this form of M{[e*}iiv] only involves the s, Pauli matrices, the hopping
matrices M;; = Ms commute for different links §. Further, Eq. shows that
traveling a link (7, j) in its mirror-reflected direction, i.e., starting from the same
site, yields M_;; = M;; (since by Eq. (5.37), Ay — A; = A; — A; Vi,i’ NN of j).
On the other hand, traveling on the very same link in opposite direction gives
i = ML (since Aj; = —A;;). These possibilities are summarized in Fig. .

The Wilson loop on the square lattice with lattice vectors rs-12 = ez,
sketched in Fig. [5.8p, is then

Aj; = arctan| tan Ag;]. (5.41)

L=MMyM_1M_o = M MyM My = ei(A'1+A'2)sy s (542)

where we defined M;; = M; » for r;; = r1 2, and similarly for A; 2. This form of
the Wilson loop implies that this system can host non-Abelian phenomena.
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M: :
a e—e b u,
M]lel-S

M—ij = Mij A M
1

Figure 5.8: (a) Tunneling matrices along a link, for even forcing. If we
define the tunneling matrix on a given link in a given direction as M;; (top),
the tunneling matrix in the mirror reflected direction is the same, M_;; = M;;
(bottom). Traveling in opposite direction on the same link, however, gives
M;j; = M;r] (center). (b) The Wilson loop on the square lattice can be
non-Abelian.

Odd forcing

Similarly, for odd forcing, i.e., when both v, and v_ are odd numbers, v, = 2n+1,
v_ =2n' +1, the time-averaging procedure results in

Methiise] = s,etNii%y (5.43)
where
j2n’+1(7h'j) ta
Ton+1(Mij)
This implies the relations for the tunneling matrices M;; = M_;; and Mj; =

s, exp(—iAi;sy).
To compute L, we note that

Aj; = arctan| nA;;l. (5.44)

szemgsy Sy = e Hhasy (5.45)
Simple algebra leads then to
L =M MMM, = szem’lSy szeiAéSy szeiA;Sy szem,?sy = i (A2=A)sy (5.46)

The difference A} — A} can take any value between zero and 27, allowing for a
non-trivial Wilson loop.
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tr L]

12199
/ 19 Figure59: The trace of
the Wilson loop £ (as
sketched in Fig.[5.7p), exem-
plified for 72 = 1.84, shows
broad regions where it de-
viates from 2, demonstrat-
ing genuinely non-Abelian
physics. The effect is espe-
cially strong outside of the
white (black) regions, where
oo M 0 trL) < 1.9 (< 1.99).
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On the bipartite square lattice, the configuration of tunneling matrices illus-
trated in Fig. results in a checkerboard configuration of £ and L', similar
to a staggered flux in the single-species case. Both for even and odd forcing,
the traces of £ and £, however, are equal, see Egs. and (5.46). Also,
this limitation can be circumvented by using other geometries. For instance,
as we describe below (Sec. , non-trivial Wilson loops can be achieved in
honeycomb lattices, and in that case, the Wilson loops will be homogeneous
since the sublattices A and B are located in the same order in every plaquette.

5.5.3 Numerical calculation of the Wilson loop

To demonstrate that the bipartite square lattice as sketched in Fig. [5.7] com-
bined with lattice shaking, can host non-Abelian SU(2) physics, we consider
now a concrete numerical example.

We choose odd forcing v, =3 and v_ = 1. Due to Eqs. (5.34) and (5.24)), this
is achieved by setting AEp = —\/12(hw)2? + AE? and Q = \/(hw)? - AE?% /4.
This leaves AE4/hw, n1, and 7, as free parameters (where 7; 2 is the amplitude
of the forcing 7;; in positive x,y-direction). Further, we fix 1, = 1.84, as this
lies close to the first maximum of the Bessel function J1(72), ensuring large
tunneling tfjf-f =ty/|det({W;;)r)| in y-direction.

As mentioned above, we have achieved genuinely non-Abelian physics, if the
Wilson loop £ yields not just a simple phase €’?I. As shown by Goldman and
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Figure 5.10: The Wilson loop
on a honeycomb plaquette is
always trivial, be it for even or odd
forcing, at least if the mixing 2 is
site-independent.

coworkers [315], this is equivalent to requiring |[tr£| < 2, a sine qua non for the
anomalous integer quantum Hall effect and fractional quantum Hall states with
non-Abelian anyonic excitations [335]. For the odd driving, we have,

[trL| = 2|cos(AL — AY)] - (5.47)

Since the difference A} — A} can take any value between zero and 2w, we can
achieve any value between 2 and 0, as can be seen in Fig. [5.9] This proves the
presence of a strong artificial non-Abelian gauge field. Moreover, under typical
conditions, the system hosts Dirac cones, be it Abelian or non-Abelian.

5.5.4 Achieving non-trivial Wilson loop in honeycomb lat-
tices

For the honeycomb lattice, the setup described above does not suffice to achieve
non-trivial Wilson loops. Namely, if we define a plaquette by the lattice vectors
r1=(V3e, +e,)[2, 72 =e,, T3 = (—/3e, +e,)/2, and —r1, —ra, —13, we obtain
for even forcing the Wilson loop displayed in Fig. [5.10]

Lhex = My My MMM M] . (5.48)
Using the commutativity of all M, implied by Eq. (5.40)), we immediately obtain
Lhex = MiM] MoM} MM =1, (5.49)

For odd forcing, simple algebra using Eqgs. (5.43) and (5.45) leads equally to
Liuex = I, so that the Wilson loop in the honeycomb lattice implies standard

Abelian physics in both situations.
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Figure 5.11: Wilson loop [
under site-dependent mix-
ing of 1t and |. Shown is
the Bloch-sphere representation
of £ in a honeycomb lattice un-
der odd forcing vy = 3, v- =
1 with Raman-laser wavevector
q = d(cosf,,sinfy). The pa-
rameters are chosen randomly in
the ranges 6, € [0,2n[, 524

20
15,15[, and the driving has

strengths /n? +n2 € 10,5 and
random direction. The resulting
L’s can be arbitrary SU(2) ma-
trices, covering the entire Bloch
sphere.

The triviality of the Wilson loop in the honeycomb lattice is due to the form
of M;;, which is — for a site-independent mixing € of 1- and |-particles given
by Hamiltonian — limited to e™'*v or s.e’®’sv. This limitation can be
overcome by employing position-dependent coupling via Raman-laser mixing,
0 - Q; = Qe'9™i, with g the wave-vector difference of the Raman lasers. In this
case, the local Hamiltonian takes the form

H,; = dj {%AEisz +Q[cos(g-7;)s, —sin(q - r,)sy]} a;, (5.50)

The main difference in this case is that, while still depending only on the link
direction r; —r;, the M;; for different link directions do generally not commute.
Indeed, in this case the local transformation u; may be chosen as

qar; i AE;
w; = ezT"sze%arctan >0~ Sy ) (551)

Hence, the products ul.tuj for different link directions are not commuting, and
the map M acts highly non-trivial on them.

Analytical expression for this form of site-dependent species mixing are very
involved. To illustrate the additional liberty that it gives, we instead compute
the Wilson loop numerically for a number of randomly selected parameters. We
parametrize the results on the Bloch sphere, £ = ¢gl+¢-s, with the Bloch-vector
components c,, = Tr(Ls,) and co = Tr(£). Using ££ =T and det £ = I, we can
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write |Tr £] = \/1 + |¢[>. Hence, the trace of the Wilson loop is uniquely defined
by the Bloch vector ¢. In particular, |¢| < 1 implies |Tr£| < 2. The results,
plotted in Fig. show that £ is in general non-trivial and dense in the Bloch
sphere, i.e., we can simulate any designed £ € SU(2). Hence, in this way, the
M;; as well as L can be tuned to be a generic (ix) SU(2) matrix, both in square
and honeycomb lattices.

Alternatively, in a honeycomb lattice with NNN tunneling, non-trivial Wil-
son loops can appear around different loops then those around the elementary
plaquettes involving only NN tunneling. For example, there is a priori no reason
for a loop involving two NN tunneling matrices M p and Mp 4 and one NNN
tunneling matrix MYNY, i.e., MapMpa MYNYN, to equal the identity. If there
exists any loop for which £ # exp(i¢)I, the system is subject to non-Abelian
effects.

5.6 Summarizing remarks and outlook

To summarize this chapter, we proposed a feasible scheme to manipulate artifi-
cial non-Abelian gauge fields and various topological effects, and exemplified the
possibilities of the method on various lattice geometries (kagome, honeycomb,
square). The proposed scheme relies on time-periodic driving of the optical
lattice, which is experimentally relatively simple. Further, because it does not
make use of internal states of the atoms, it allows greater flexibility than alter-
native methods. In the case of fermions, e.g., since interaction can only take
place between different internal states, having these at one’s disposal can be
very advantageous for reaching the strongly-correlated regime.

Recently, a variety of techniques to detect topological states of ultracold
atoms in optical lattices have been developed, including Bragg-spectroscopy de-
tection of edge states [339H343] or time-of-flight measurement of Chern numbers
[267, [344]. Specifically, a feasible way to measure the topological band struc-
ture of the topological insulator described in Sec. (5.4) is given by the method
of Price and Cooper [345]. It is based on semi-classical wave-packet dynamics
and can be applied thanks to the adiabatic principle for Floquet systems [346]
[see the work by Eckardt and Holthaus [221] for its application to the effective
Hamiltonian ] Therefore, the topological phenomena discussed in this
chapter should be accessible to observation in near-future experiments. Besides
their importance for a fundamental understanding of solid-state physics, these
effects may have future applications in quantum information and spintronics.

Until now, we restricted the considerations of this thesis to the s-band of
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the optical lattice, which is a good approximation at low occupation numbers
and if all energy scales are small compared to the excitation energy to the
second band. In reality, however, there are situations where higher orbits play
an important role (see Chapter E[) For example, for the honeycomb lattice
discussed in Chapter Soltan-Panahi and coworkers [302] found unconventional
superfluidity that could only be explained as a multi-orbital effect. In the next
chapter, we discuss how intentionally exploiting such higher bands allows to
quantum simulate orbital physics of spinless fermions.



Chapter 6

Orbital order of spinless
fermions near an optical
Feshbach resonance

In strongly-correlated solid-state systems, orbital physics of electrons plays an
important role in a variety of materials, such as transition metal oxides [347],
and orbital effects are needed to understand important material properties, in-
cluding colossal magnetoresistance, ferroelectricity, unconventional supercon-
ductivity, and charge ordering. In particular, novel quantum phases emerge due
to the coupling of the orbital degree of freedom to the charge, spin, or lattice de-
grees of freedom [348 [349]. Such coupling, while generating interesting effects,
also complicates the theoretical treatment. It is, therefore, desirable to study
simpler systems with the orbital degree of freedom decoupled from all others.
Ultracold atoms in higher bands of optical lattices provide an ideal tool for this
purpose; they allow to quantum simulate orbital dynamics in a well controlled
environment, including orbital-only models of single-species (spinless) fermions.

Traditionally, ultracold-atoms experiments have been concerned with the
lowest band (the s-band) of optical lattices, but several groups have now achieved
loading and manipulating ultracold atoms in higher (such as p-) bands [350H354].
Observation of orbital physics in optical lattices has exciting prospects (see also
the Nature Physics News and Views article by Lewenstein and Liu [166]): For
example, p-orbital bosons can form Bose—Einstein condensates at finite mo-
mentum, apparently contradicting the conventional wisdom that Bose-Einstein
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condensation occurs at zero momentumE Also, using higher bands, one can go
beyond the integer quantum Hall effect, which — as discussed in Chapter -
can be induced in the s-orbitals of an optical honeycomb lattice that is subject
to a synthetic gauge field. Namely, in the flat p-bands of such a lattice, exotic
incompressible states analogous to the Laughlin fractional quantum-Hall liquid
can be created [264].

For spinless fermionic atoms, when the chemical potential lies within the
p-band, the low temperature properties are entirely determined by the p-band
fermions, since the s-band is completely filled and remains inert while higher
bands remain empty. The interaction between these atoms is usually weak at low
temperatures because the Pauli exclusion principle only allows scattering in high
partial-wave channels (p, f, etc.), which is however weak at low temperatures.

One way to reach the strongly-correlated regime in such a situation relies
on deep optical lattice potentials, which often means experimentally inacces-
sible low temperature [87]. An alternative is to increase the p-wave elastic
scattering cross section employing a Feshbach resonance (see, e.g., [355H361];
for a review, see [293]). Typically, this is done by coupling channels in the
electronic ground state through magnetic fields. For the case of p-waves, how-
ever, this method usually leads to significant atom losses through three-body
inelastic collisions [355H358], because the scattering state is well localized by
the angular-momentum barrier and has good Franck-Condon overlap with more
deeply bound molecules [295]E|

To circumvent this problem, recently Goyal, Reichenbach, and Deutsch con-
sidered enhanced p-wave interactions via an optical Feshbach resonance (OFR)
[362] [363] between a scattering state and an electronically excited “purely-long-
range” molecule. Such molecules have inner turning points at very large dis-
tances (e.g., > 50ag in 1"'Yb, where aqg is the Bohr radius), well beyond the
chemical binding region, and thus three-body recombination should be highly
suppressed [364]. Differently form magnetic Feshbach resonances, OFRs have
an additional loss mechanism due to spontaneous decay from the electronically
excited state. However, Ciurylo and coworkers showed that in alkaline-earth-
metal species, unlike in alkali-metal atoms, large changes of the scattering length
should be possible while maintaining small atom losses, because the molecu-

1Such an effect can also occurs in the lowest band, for example due to positive hopping
matrix elements (Chapter [3) or finite Peierls phases (Chapter.

2In strong three-dimensional optical lattices, with exactly one fermion per site and van-
ishing tunneling, these losses can be completely suppressed, as shown in the experiments of
Giinter and coworkers [358]. From a many-body perspective, however, such a state is a trivial
insulator.
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lar photoassociation transition associated to the OFR can have a very narrow
linewidth [365]. Hence, using OFR opens the perspective of studying strongly-
correlated many-body phases of ultracold, spinless fermions. What is more, it
also provides for a high degree of control. For example, the width of the OFR
can be tuned by the laser intensity [366H368], and, in our case, the interaction
strength among different p-orbitals can be tuned differently, as we will show
below.

Motivated by these developments, we investigate in this chapter the phase
diagram of spinless fermions on a cubic lattice near an OFR. Starting from the
microscopic scattering properties of ultracold atoms, we discuss in Sec. [6.1] the
model describing their relevant physics at low temperatures, namely a three-
color Fermi—-Hubbard model with color-dependent interaction, a novel color-
changing term, and spatially anisotropic and color-dependent tunneling. We
describe how strong, color-dependent interactions can be induced by an optical
Feshbach resonance [364]. In Sec. we derive the orbital exchange constants
at 1/3 filling on the cubic optical lattice. Using this, we compute the phase
diagram in a Gutzwiller Ansatz (as explained in Chapter. Besides a phase
without tunneling and an “orbital Néel” phase where p, and p, orbitals alternate,
we find novel phases with “axial orbital order” in which p, and p, + ip, (or
Pz — ipy) orbitals alternate, breaking spatial and time-reversal symmetry. In
Sec. [6.3} finally, we demonstrate that the non-trivial Wannier envelope of the
p-band fermions allows the observation of the different phases in experimentally
straightforward time-of-flight (ToF) measurements. The results presented in
this chapter have been published in Ref. [369].

6.1 Tunable interactions using an optical Fesh-
bach resonance

At low temperatures, the spinless fermions on a cubic lattice near an OFR can
be described by the following Hubbard-like model

H = —]Zvj St (frTfE +he) (6.1)

i=1 p,v=u,y,z

[Vingn + Vo (afnF +aln) + (iVaf T f/n7 +he.)].

M=

+

?

Il
[u

The number of lattice sites is N. The operators fZ“ and ffiu destroy a fermion
in the orbital p,—, 4, . at site i located at r; and at site i + v located at r; + e,,
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y
X

Figure 6.1: Orbital tunneling, exemplified for the p, orbital. Due to the ab-
sence of orbital-changing hopping, a fermion in a p,-orbital (blue and red dumb-
bell) can tunnel only into neighboring pg-orbitals (semi-transparent dumb-
bells). The hopping amplitude is given by the overlap of the p,-Wannier func-
tions, so that under typical conditions [t)| > |t,|, with ¢ =t} and t, = tj = tZ.
Moreover, the Wannier functions change sign from one side of the lattice site to
the other, as indicated by “~” (red) and “+” (blue), so that sgn(t.) = —sgn(t)).

respectively (with e, the unit vector in direction v = z,y, z and the lattice spac-
ing set to 1). al' = flﬂff is the corresponding number operator. This model is
a straightforward generalization of the Bose-Hubbard Hamiltonian to the
case of fermions and to a multi-orbital situation. To this, one has to expand the
(fermionic) field operators appearing in the original free-space Hamiltonian
in terms of the p-orbital Wannier basis,

N
()= Y wr-r) ft. (6.2)

=1 p=x,y,z

Note also that, due to the anisotropy of the p-orbital Wannier wave functions,
the nearest-neighbor (NN) hopping amplitude ¢4 = ¢6,,, +t, (1 - d,,,), sketched
in Fig. is direction and orbital dependent [370H372]. This spatial dependence
makes the case of three dimensions interesting (additionally to the larger number
of available orbital states compared to 1D and 2D).

The interactions V; 2 3 are induced by an OFR laser [364] that couples the
electronic ground state of the atom to an excited state. The interaction can be
expressed in terms of the (p-wave) pseudo-potential V™ for two particles with
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mass M, and relative angular momentum m,

39%[@;”3]57“—5 9
(@) 156 —5) a2

Vp (r) - El% 2Mat S

(6.3)
The real part of the p-wave scattering volume, %[(agﬁ can be tuned by the
6.2).

detuning and the intensity of the OFR laser (see Fig.
The expansion (6.2)) for the interaction term

o= [ ¥y [ dradf () ¥ )V (- r) W(r)¥(r) - (64)

leads to the on-site, inter-orbital interaction

N ~ T AT ~ A
Hint = Z Z V;L,V,;L’,V’fiﬂ Tfly Tflﬂ iyv (65)

=1 p,v,p v'=z,y,2

where repeated indices are summed over. (As is standard, off-site interactions
can be neglected to good approximation; see also the discussion after Eq. (2.6).)
The matrix elements

Vi = Z / d3r / d>ry Wy (r1 =) wyr (T2 — 1) (6.6)

m=-1,0,1

XV (= r2) wy (11— 1) wy, (12 = 77)

can now be computed by separating the relative and center-of-mass coordinates.
For the purpose of estimating on-site interactions, for deep lattices, the p-orbital
Wannier functions are well approximated by the first excited states of harmonic
oscillators (with the oscillator length ¢ controlled by the lattice depth). Then,
the only non-zero interaction terms are the ones given in Eq. (6.1)), with

1

Vo= 1 (U1 +U), (6.7a)
1

‘/2 = g (U1 + U_1 + 2U0) s (67b)
1

V3 = g (U_1 - Ul) . (67(3)

Here, U,, = 3\/59‘{[((1;”)3]/(\/%(5Mat) defines the interaction strength in the
scattering channel with angular momentum m = 1,0,-1. A Zeeman splitting,
which may be introduced by a magnetic field, leads to different detuning of the
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Figure 6.2: Level scheme and coupling strengths of the optical Fesh-
bach resonance (OFR). In the OFR, o*-polarized light couples the scatter-
ing state of the ground-state potential (with the three different projections m of
p-wave angular momentum) to the excited purely-long-range bound state. The
o*-polarized light couples only transitions Mr, - Mz, + 1, where Mr, (Mr,)
is the projection onto the quantization axis of the total angular momentum
of the ground (excited) state. This figure shows only the states permitted by
selection rules. The values of the real part of the scattering volume, R [(ap)3],
depend on the detuning to each excited level. They are given in the figure for
each of the three transitions of the 130 - 3P, intercombination line in "!Yb in
a 30-G magnetic field (creating an energy shift of the three excited levels), and
for an intensity of 185W /cm? and detuning A = -3 MHz below the resonance
at =355 MHz. The figure is reproduced from the work by Goyal, Reichenbach,
and Deutsch [364].
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OFR laser for the three scattering channels (see Fig. . This makes the scat-
tering length a;" dependent on m, and consequently the U,,’s can be different
in magnitude and even in sign. Thus, the relative strengths and signs of V723
can be varied by changing the strength of the Zeeman splitting together with
the detuning of the OFR laser. By contrast, in a standard magnetic Feshbach
resonance, U_; = U,;. In our case, breaking the symmetry between U_; and U,
leads to the orbital-changing term V3. Physically, it allows (p, or p,) particles
to move on a 2D plane, instead of along a chain only, as is the case in typical
situations where ¢, can be neglected [373]. Since the V5 term explicitly breaks
time-reversal symmetry (TRS), we can expect it to lead to novel phases reflect-
ing that intriguing property. As discussed in Chapter [5.4] TRS breaking can
produce topological insulators with the prospect of a wide range of applications.

Hamiltonian generalizes the models of Refs. [373H378]. For V; = V4,
and V3 = 0, it reduces to the SU(3) Hubbard model. One can visualize p-band
fermions as particles carrying a color index representing the p,, p,, and p, or-
bital state. Then, Hamiltonian describes a three-color fermion model with
color-dependent interaction Vj 2, a novel color-changing term Vs, and spatially
anisotropic and color-dependent tunneling ¢.

We will show in the next section that this model hosts novel quantum phases.
For this purpose, we study the strong-coupling limit for p-band filling 1/3, and
determine the orbital order using a Gutzwiller mean-field Ansatz (GMFA).

6.2 Phase diagram in the strong-coupling limit
at 1/3 filling

An important limiting case of Hamiltonian is the one where interactions
dominate over tunneling terms, the so called strong-coupling limit. In Hub-
bard models of spinful s-band fermions, this limit leads to the emergence of
Heisenberg and ¢ — J models, which are relevant for high-T, superconductivity.
Different from these situations, in our case three orbital instead of two spin
states are involved.

In the strong-coupling limit of Hamiltonian ,

|t||| «< Vi, |t||| «<Vo-V3, and |t”| < Vo + V3, (6.8)

double occupancy of the lattice sites is energetically suppressed. Therefore, at
average filling of the p-band of 1/3, the low-energy manifold consists of states
with one p-band particle per site, and density fluctuations are frozen. Since
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t,] < |t”|, we can safely neglect perpendicular tunneling ¢, in this limit [373],
and, for brevity, we write ¢ =¢.

The low-energy states are coupled via virtual hopping that induces exchange
interactions between NN orbitals (see Fig. . The resulting physics within the
low-energy manifold is captured in an effective Hamiltonian that can be derived
from second-order perturbation theory. For a general, pedagogic explanation
of this procedure, see Appendix A of the review by Lewenstein et al. [379].
Following this approach and treating the tunneling ¢ in as a perturbation,
we obtain the effective Hamiltonian for the low-energy manifold at 1/3 filling

= —Z{ Z Jun ( H# 1#) Z (J2 = Ju) 0y ( Nty ﬁiz—u)

i HU=x,Y,z n=x,y
s [ifrTfE (A2, +07)) +h.c.]}. (6.9)
To write it more compactly, we have used #f +n? =1, and defined
J1 = /Vl s (610&)
Jo = *V/(VE-V3), (6.10b)
J3 = t*W/(VE-V3), (6.10c)

and J, = Jy, =1, J. = J2 For V3 =0, Vi = V5, Hamiltonian reduces to
terms of the form J,n4'nl’ . a hallmark of the quantum 3-state Potts modelﬂ

[ESTR

6.2.1 Preliminary considerations

To get insight into which orbital order is favored, we first discuss the simple
case of J3 = 0. For positive couplings J; 2, the first term of Hamiltonian
favors any configuration where the orbitals at neighboring sites differ, while for
negative J; o it favors configurations where the orbitals at neighboring sites are
equal. The second term favors an alternating pattern between p.- and not-p,-
particles if J, > Ji, and an alternating pattern between p, and p, if Jo < Ji.
This leads to the appearance of three different phases:

(A) For J; > max (J3,0), the favored configuration is an alternating pattern
between p,- and p,-particles in the zy-plane.

(B) For Jy > max (J1,0), the (highly degenerate) ground state is any alternat-
ing pattern between p, and not-p,.

30rbital order in a simpler model without OFR, and its relation to the Potts model were
discussed by C. Wu in the unpublished version of the work of arXiv:0801.0888v1.
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Figure 6.3: Sketch of the virtual hopping processes at p-band fill-
ing one-third (one p-band particle per site) leading to the effective
Hamiltonian (6.9). If neighboring particles are in different orbitals p, and
pv (abbreviated by p and v, respectively), and if they are connected by a bond
in p or v direction, a particle can tunnel with amplitude ¢ (blue) to a neigh-
boring site (leftmost column). There, it experiences on-site interaction (green
processes, second column). Due to the anisotropic tunneling, only the same
particle can tunnel back (third column). Rightmost row: for the processes J;
and Jo, the final configuration is the same as the initial one, but in the orbital-
changing process Js an z-particle has changed into a y-particle (bottom row).
Neglecting t,, the sketched processes — plus the ones obtained by interchanging
x and y — are the only ones that can occur.
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(C) For the case Jy,Jo < 0, the best configuration is a homogeneously filled
lattice. This case does not fulfill the strong-coupling requirements (6.8),
however, and is therefore unstable.

Certain aspects of Hamiltonian become clearer when we rewrite it in
terms of the generators of the SU(3) group. Introducing the Gell-Mann ma-

trices A(™) and the so-called F-spin operators Y; = ff”)\(g) fu and T(a)
§ffb‘;(ﬁ2ff (=1,2,3), Heg becomes

~ 4
Horr = 5 3 [(J2 = J) Y= BT 4 1YY 4 BT Yo + YT (6.10)
233 (J TOT® J4 JIY}/H;L J;T(S)YHH J;YTZ(SZ)7
i U=T,Yy

where we neglected constant terms. In the basis (ps,py,p.), ¥ and TG) are
diagonal, making the terms Y;Y}, Yﬂ“j(g), or Tz.(g)Tj(:g) Ising-like. Additionally,
the orbital-changing term Vj involves T®) = L (T() - T()) where T®*) are
ladder operators of the T-spin.

TG and T® do not commute with each other, but both do commute with
Y. Therefore, we can replace Y by its eigenvalues —% (for |p.)) and I (for
Ipz) and |py)), which gives some insight into the physics of Hamiltonian .
Following the previous qualitative discussion of the phases A-C, we assume that
the ground state is bipartite with respect to the eigenvalue of Yﬁ Then, there
are three different cases:

(A) at all sites the eigenvalue of Y is %
: 2 1
(B) the eigenvalues —3 and 3 alternate, and

(C) all sites have eigenvalue —%.

In the last case, there is a [|p.)-particle on every site. Therefore, the Pauli
exclusion principle prohibits all tunneling and the Hamiltonian equals zero. In
the sectors A and B, it reads (neglecting constant terms)

AP = LYY oo (6.12a)
i p=TY

1y - —2J3Za§2). (6.12b)
€2

4In principle, more complex (i.e., non-bipartite) partitions are possible, but the numerical
mean-field analysis (see below) shows that bipartite states are the only relevant ones.
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Here, o0 denotes the usual Pauli-matrices, which act on the subspace spanned
by |pz) and |p,). Sector A is reduced to the Ising model on decoupled zy-
planes, which favors an antiferromagnetic ground state. This is just the model
found in the 2D-case treated in Refs. [373| B76]. In sector B, Q denotes the
partition where Y has eigenvalue L. On these sites, .J3 acts as a magnetic field

3
in y-direction, lifting the degeneracy between |p,) and |p,) and leading to the

ground state (|p,) +i|p,)) /v/2 (for J3 2 0).

6.2.2 Gutzwiller mean-field analysis

Having obtained a qualitative picture of the expected phases, we now analyze
the phase diagram of Hamiltonian quantitatively. To this, we assume
that correlations between sites are small so that the ground state can be ap-
proximated by a product over sites. Accordingly, we employ a Gutzwiller vari-
ational wave function (see Chapter for Hamiltonian , and minimize
the energy of a cube with side length L under periodic boundary conditions.
In principle, close to phase transitions, where fluctuations become important,
such a mean-field Ansatz becomes problematic. In the present case of three
dimensions, however, we can expect mean-field methods to provide an — at least
qualitatively — reliable picture.

The energy per site for even L is smaller than for odd L, which shows that
the ground state periodicity is indeed 2E| In agreement with the qualitative
picture from the previous section, we find three classes of ground states with
different orbital order (summarized in Fig. :

(A) For Jy > Jo+|J3| /2 and J; > 0, we find an antiferro-orbital phase similar to,
e.g., the 2D-model of Zhao and Liu [373]: in each xy-plane, sites with p,-
and p,-orbitals alternate, see Fig. bottom right (similar to the AFM
Néel state). Since p,- and p,-particles do not tunnel in z-direction, the
xy-planes are decoupled, and within our approximation (e.g., neglecting
t,), there is no LRO in z-direction. It is possible, however, that LRO
among the planes develops at low temperature for finite ¢, .

(B) For J; < Jy +|J3]/2 and Jy > —|J5]/2 , the ground state shows az-
ial orbital order. The state is bipartite with |p.) on one sublattice and
(Ipz) £ilpy)) /M2 (for Js 2 0, respectively) on the other sublattice (right
panel of Fig. . The degeneracy between |p,) and |p,) is lifted by a finite

5Further, we checked that for even L the occurring phases do not depend on L, indicating
that the ground-state periodicity is indeed 2.
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Figure 6.4: Left: The phase diagram of Hest, Eq. , at 1/3 filling shows
four phases: phase A with antiferro-orbital order (empty region), phases B, and
B_ with axial orbital order (red/orange region and Js > 0/< 0, respectively),
and finally phase C (blue region) with tunneling completely frozen. The gray
wedge indicates the region satisfying the strong-coupling conditions , 0<
Ji,2 « 1, J3 <« Jo. Right: sketch of phases A and B.. In phase B., |p.)
and [pe) + ¢ |py) orbitals alternate. Phase B_ can be visualized from this by
replacing |p.) +i[py) with [pz) - i|py).
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Js. The state (|p.) £i|p,)) /V/2 has finite angular momentum, whence this
novel phase breaks TRS.

(C) For J; <0 and Jy < —|J3] /2, virtual tunneling is energetically disadvan-
tageous. Then, the energetically most favorable situation is where Pauli
exclusion prohibits all tunneling ¢ (by filling a3-planes uniformly with
Do OF pg, where af = xy, zz,yz). This state is unstable, however, because
it cannot fulfill the strong-coupling requirements .

Interestingly, phases A and C preserve TRS, although V3 in Hamiltonian (6.1)
breaks it explicitly.

6.3 Experimental signatures of the orbital phases
in ToF images

To distinguish the different phases experimentally, one can employ standard ToF
imaging, similar to what is explained in Chapter Generalizing Eq.
to multi-component Fermi-gases, the free-space density distribution after a time
TToF Of free expansion relates to the in-trap momentum distribution via

(n (1), = L° Y w) (k) w, (k) (/1 (k) f* (K)) (6.13)

with w,, (k) the Fourier transform of the Wannier orbital w,, (r) of p-band state
p. (We assume translational invariance so that w,, (7) is independent of site ¢.)
Further,

. 1 il 2
f1 (k) = T R L (6.14)

and k = M, 7/(hTior)- In the analysis of the previous sections, we only consid-
ered insulating states, which dominate in the strong-coupling limit at p-band
filling 1/3. In such states, the ToF pictures will show no peaks associated to
off-diagonal LRO. However, signatures of the distinct phases do appear in the
momentum distribution due to the non-trivial p-orbital Wannier envelope. This
allows to distinguish phases A and B by their column density (i.e., the density
integrated along one spatial direction), as shown in Fig. [6.5)

Observation of these novel phases requires that we simultaneously achieve
strong interactions, V > ¢, and low temperatures, kT < t?/V, for the char-
acteristic tunneling rate ¢ and interaction energy V. At experimentally feasible
temperatures, this requires a significant enhancement of the real part of the
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Figure 6.5: Predicted time-of-flight density distributions, which would
allow to experimentally distinguish phases A and B. Lower (upper) row:
(n(r)),,, integrated along z (z) in arbitrary scale. When viewed along the
z-direction, phase A displays a doughnut form (lower left panel) because of
an incoherent addition of p,- and p,-Wannier envelopes. In phase B, the sites
occupied by (|pz) £i|py)) /V/2 give a similar doughnut structure, but the hole
at kz = ky = 0 is filled by the other half of the sites which are occupied by p.-
particles (lower right). Viewing along the z-direction reveals the existence of
p.-particles in phase B (upper right), contrary to phase A (upper left), where
only the dumbbell of py-particles is found.
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p-wave scattering volume via the OFR. In practice, however, and in contrast to
magnetic Feshbach resonances, this is limited by spontaneous emission, which
broadens the resonance and also leads to recoil heating. For the example con-
sidered in the work by Goyal, Reichenbach, and Deutsch [364], based on the 'Sy
— 3Py intercombination line in '"'Yb, the atomic linewidth is ~180 kHz, which
limits the useful OFR p-wave enhancement. Other species such as 87Sr, where
the same transition has a linewidth of ~7.5 kHz, should result in a substantial
OFR, with a reasonable linewidth. Experimental studies of OFRs in related
isotopes are currently underway [380].

6.4 Summary

To summarize this chapter, we investigated the orbital order of spinless fermions
in the p-band of a cubic lattice with interactions controlled by an OFR. Such a
system can be realized with current technology.

We analyzed the orbital order in the strong-coupling limit at p-band filling
1/3. To this, we found an elegant expression of the model Hamiltonian in terms
of Gell-Mann matrices, which gives qualitative insight into the expected phases.
We computed the phase diagram quantitatively using a GMFA. Besides a phase
where all tunneling is blocked and an antiferro-orbital phase where p,- and p,-
orbitals alternate, we found a novel phase with axial orbital order which not
only breaks translational symmetry but also has macroscopic orbital angular
momentuim.

We expect our results to stimulate future work on this subject. For exam-
ple, it is interesting to investigate how quantum fluctuations affect the phase
diagram: they might distort it [378] or even lead to disordered ‘orbital liquid’
states. Fluctuations may also lift the degeneracy between p,- and p, orbitals at
J3 = 0, and possibly lead to spontaneous TRS breaking. To treat fluctuations
and correlations between sites in a more quantitative way, future studies could
employ mean-field methods where interaction terms are not decoupled over sites
but instead over bonds (see, e.g., the work by Szirmai and Lewenstein [381]).
Further, the limit of small interactions, where related models show non-trivial
color-superfluidity [374], 375l B77], may also be of interest. More complex lattice
geometries, such as the triangular or honeycomb lattices discussed in Chapters
and[4] may host other orbital-ordered phases or even disordered ones due to frus-
tration effects. Finally, phase B, may have interesting topological properties.
For example, at an interface of two domains with p, +ip, and p, — ip, order,
chiral zero mode fermions may arise (similar to the edge states in spin-Hall
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insulators discussed in Chapter .

Considering higher orbits for quantum simulation is a relatively new avenue
in optical lattices. Traditionally, in the description of ultracold bosons in stan-
dard optical lattices, higher-orbit effects have been neglected, which is a good
approximation at low temperatures and weak interactions; as we will show in
Chapter [0 in the regime of strong interactions, however, orbital effects can
become significant, and one has to consider them — if one wants to or not.



Chapter 7

Devil’s staircases and
quasi-supersolids:

A trapped-ion quantum
simulation of long-range
interactions

Up to this point, the interactions in the considered models were of short range.
However, long-range interactions can lead to many effects which are not present
in such short-range systems [167]. Most strikingly, systems with strong long-
range interactions (where the integral over the interactions does not converge)
can exhibit counterintuitive thermodynamic behavior like super-extensive quan-
tities or breaking of ergodicity [382].

But even for weak long-range interactions (which we will consider here) novel
effects are expected. For instance, they lead to new ground states, such as in-
sulating states similar to the Mott insulators of the Bose-Hubbard model but
at fractional (instead of integer) filling factors. An example of such an insulat-
ing crystal state is the checkerboard state; there, the sites of a square lattice
are alternately occupied and empty. At half filling, this state is the ground
state at weak tunneling and strong nearest-neighbor (NN) repulsion. If repul-
sive interactions beyond NNs are present, many such insulating configurations
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become possible, with filling factors other than 1/2. Since deforming one config-
uration into another costs a large amount of energy, these low-lying states are
metastable and have large life times [383]. The large number of such metastable
states might be useful for quantum-information storage [187] [188] 384] [385], but
it also complicates finding the ground state.

Another example for the intriguing physics due to long-range interactions
are supersolids, which are exotic quantum states with coexistence of crystal and
superfluid (SF) long-range order (LRO). For instance, if the checkerboard crystal
state is doped with holes, these can delocalize and develop long-range phase
coherence on top of a checkerboard-like density background. For interactions
with limited range, however, such a state does not form the ground state but
is subject to phase separation [386H388]. Dipolar interactions, on the other
hand, can stabilize such a supersolid phase [389]. This combination of novel
physics with an increase in computational difficulty makes systems with long-
range interactions interesting targets for QSs.

For such long-range quantum simulations, trapped ions seem more natu-
ral candidates than neutral atoms, since dipolar interactions can be achieved
without additional experimental effort [175]. Ion setups have the additional
peculiarity that, contrary to ultracold-atoms architectures, not only two-body
(density—density) interactions, but also tunneling terms can be long ranged.
Furhtermore, in the trapped-ion architecture, a high degree of control over state
preparation, evolution, and readout can be achieved (see Chapter

In this chapter, we describe how, combining trapped ions with a standing
laser wave, one can realize a quantum simulation of a one-dimensional hard-
core-boson model with dipolar off-site interaction and tunneling. This model is
equivalent to a dipolar XXZ spin-1/2 chain. We explore its rich phase diagram
in detail, employing (see Part for technical details) perturbative mean-field
theory (PMFT), exact diagonalization (ED), and quasi-exact numerical tech-
niques (DMRG and iTEBD). We find that the complete devil’s staircase — an
infinite sequence of crystal states existing at vanishing tunneling — spreads to a
succession of lobes similar to the Mott-lobes found in NN Bose-Hubbard mod-
els. Further, we find quasi-supersolid behavior inside the insulating lobes: addi-
tionally to long-range density—density correlations, off-diagonal correlations are
quasi-long-ranged [390], opposed to models with NN tunneling where they de-
cay exponentially. This quasi-supersolid is exceptional, since normally systems
with dipolar interactions in 1D can be described by Luttinger theory [39TH393].
In that case, diagonal correlations decay with the Luttinger parameter K, and
off-diagonal correlations with 1/K. This means that a slow decay of the first
implies a fast decay of the latter, and vice versa. In contrast, in our model with
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long-range tunneling both diagonal and off-diagonal correlations decay slowly,
and Luttinger theory is not a valid description. These findings for the 1D system
have been published in Ref. [I80]. We also present some results, derived with
QMC, for an extension of the model to a 2D triangular lattice at finite tem-
perature. There, we find that long-range tunneling can stabilize true supersolid
phases (i.e., LRO in diagonal and off-diagonal correlations). The results on the
triangular lattice can be found in the arXiv preprint [204].

We organize this chapter as follows: First, we introduce the considered model
Hamiltonian in Sec. and explain in Sec. [7.2]how it can be implemented with
trapped ions. Then, in Sec. [7.3] we outline our expectations by discussing
previous, related results for the 1D case. The following sections are dedicated
to a thorough investigation of the ground-state phase diagram in 1D. Our most
accurate analysis comes from DMRG (Sec. . However, it is good to first form
intuition via analytical approaches, even if approximate. We present mean-field
and perturbative results in Sec.[7-4]to find the upper borders of the crystal lobes.
Some limitations of DMRG can be overcome with other numerical techniques.
For instance, we can study infinite systems (as opposed to finite sized) with the
iTEBD algorithm (Sec. [7.6)), and experimentally relevant small systems can be
studied with ED (Sec. . At the end of this chapter (Sec. [7.8), we discuss
the extension to the 2D triangular lattice, and in Sec. we offer some final
remarks.

7.1 A spin model with competing long-range in-
teractions
In this chapter, we are interested in the interplay between long-range interac-

tions and tunneling, such as given in a chain of dipolar XXZ spins, described
by the Hamiltonian

N 1

H=JYy ——5[cos0S7S] +sinf (S7S7+SYSY)|-nd 57, (7.1)
i<j i = Jl i

where the S& are spin-1/2 operators at site 4, and p is the chemical potential

(equivalent to an external magnetic field), adjusting the magnetization

N
% = ;(Sj) , (7.2)

where N is the chain length. Since the Hamiltonian (7.1)) shows a symmetry of
up-down spins, we consider in this chapter only negative magnetization.
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In one dimension (which is the main subject of this chapter), standard an-
alytical and numerical techniques typically suffice to reliably probe the phase
diagram. Still, the 1D limit is not only important to gain intuition, it also allows
to judge the reliability and performance of QSs. Even more relevant are studies
of two or more dimensions (see Section [7.8)) or dynamics (see also our discussion
of the most relevant tasks for a QS on )

By varying the angle 6, we can explore all ranges of relative strength of
the interactions, e.g., the XX chain in a transverse field (6 = 7/2), or the Ising
model (# =0) — but both with long-range interaction. Moreover, the model can
be tuned from negative to positive XY interaction, with the latter leading to a
deformation of the phase diagram due to frustration effects (for a discussion of
phenomena due to strong frustration, see Chapter (3)).

The problem can be mapped to a system of hard-core bosons using the
standard Holstein—Primakoff transformation, Eq. (3.2). In the following, we
will use the spin and boson pictures interchangeably, because some aspects are
better described in terms of spins, while others are more familiar in the language
of hard-core bosons. In the hard-core boson description, an up-spin corresponds
to an occupied site and a down-spin to an empty one, the ZZ terms translate to
dipolar off-site density—density interactions, and the XX and YY interactions
become long-range tunneling terms. Since typically tunneling terms are short-
ranged, this has to be seen as an important peculiarity of the trapped-ion model.

A similar model with short-range tunneling emerges in the context of ultra-
cold polar molecules (or Rydberg atoms) [394} [395]. Placed in a one-dimensional
optical lattice, in the limit of strong on-site interaction, the cloud of polar
molecules is effectively described by Hamiltonian (7.1)), but with NN instead of
long-ranged tunneling (the derivation is similar to the standard Bose-Hubbard
model, see Chapter . Hence, the quasi-supersolid phase (which, as we will
discuss below, is entirely due to the long-range tunneling) cannot be observed
in this system. Recently, ideas have been put forward how to achieve the long
range of the tunneling terms also in a system of polar molecules [396]. Through-
out this chapter, we draw comparisons between our model and the model with
NN tunneling and dipolar interaction, as well as with a model with both NN
tunneling and interaction (the NN-XXZ model, relevant for magnetic materials).

7.2 Experimental implementation

The Hamiltonian (7.1)) can be simulated in an ion-trap experiment, as we explain
now. For more details on ion-trap experiments, see also Sec. We base the
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discussion on the original work of Porras and Cirac [I75] to which we refer for
technical details. This scenario is conceptually straightforward, but relies on
standing waves and intensity gradients. For technical reasons, however, actual
implementations usually involve polarization gradients and walking waves. We
will comment on this situation further below.

We consider a collection of N trapped ions at low temperatures, such as
depicted in Fig. or Fig. In such a situation, the Coulomb repulsion
(or the microtrap pattern) arranges the ions in a crystal and allows only small
oscillations, centered at the equilibrium positions. The ion equilibrium positions
will later mark the sites of the effective spin model. The Coulomb interaction
further couples the small vibrations around equilibrium into collective modes
(phonons), governed by the Hamiltonian

. N
Heon= > > hwialtag, (7.3)

a=z,y,z k=1

where aj and dgT are the phonon annihilation and creation operators, respec-
tively, of modes with energy hwy .

The main idea is now to choose two electronic hyper-fine ground states of
each ion, which act as a pseudo-spin 1/2, and mediate — in the spirit of the
Cirac—Zoller gate [174] — an effective spin-spin interaction via the collective
vibrational modes of the ion chain. To describe the pseudo-spins, we introduce
the Pauli-sigma matrices o,, a = x,y, 2, and we denote the eigenstate with
eigenvalue 1(-1) of o, by [t (1)),

The chemical potential (i.e., magnetic field) term of Hamiltonian can
be achieved rather easily in a number of ways. For example, one can couple the
hyperfine states that constitute the effective spin 1/2 via a stimulated Raman
transition [28, 29]. To do this, one can use one of the beams that induce the
spin-spin coupling (see below) and beat it with an additional beam such that
the detuning between them is resonant with the hyperfine transition between 1
and |. Choosing the phase difference appropriately, one can generate terms like

7:lmag = ZBO[U;;X . (74)

A similar effect can be achieved by resonantly driving the transition directly
with a rf-frequency field [27]. This couplings generate a term proportional to
o7, which can be mapped to the z component by an appropriate redefinition
of the spin operators. Alternatively, an off-resonant microwave can be used to
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Figure 7.1: Raman lasers generating the effective spin—spin interac-
tion. (a) Pairs of counterpropagating laser beams with Rabi frequencies Qayt,,
illuminate the ion chain in the three directions of space (shown are the beams
in z direction). Their polarizations are chosen to avoid undesired interference
effects. (b) The lasers couple the hyperfine-states constituting the pseudo-spin
1/2 to an auxiliary excited state. (c) For appropriately chosen phase differ-
ences, the ||) state is dark. If the Raman beams are standing waves, making
the intensity and thus the light—spin coupling position-dependent, this scheme
can generate a spin—spin interaction mediated by ion vibrations.

create a state-selective potential, leading to an energy difference between the
hyperfine states, creating a term proportional to o7.

7.2.1 Porras—Cirac (2004) scenario

To achieve the effective coupling, one can use pairs of counterpropagating laser
beams providing Rabi frequencies Qqt and Qg (Fig. [7.1h). Here, a = z,y,2
denotes the direction of propagation, and Q44 (24,) couple the state [t), (|),)
off-resonantly to an excited state |e) (see Fig. [7.1p).

For appropriate polarizations which avoid interferences [I75], these couplings
can be expressed as Qa1 e) (1], + Qayle) (1|,. In z-direction, only the 1 state is
addressed, 2., = 0, while in 2 and y we choose the relative phases Q;, = Q4
and €y, =i€Qy;. This way, one achieves the atom-light couplings

Hat.0 = War le) (1], + Qay le) (1], = hQa le) (1], , (7.5)

i.e., the state ||}, is dark for the beams propagating in direction « (Fig. [7.1f).
This choice is convenient for notation, but note that in principle we could,
using the beam propagating in direction «, create this type of coupling for any
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spin component o’. For strong detuning A, we can adiabatically eliminate the
excited state |e). To this, one can insert the parameters depicted in Fig. into
the effective Hamiltonian (5) of the article by Brion, Pedersen, and Mglmer [397]
(replacing from their notation § = 0, Q, = Qu4, and Qp = Q). This leaves us
with the effective atom—light couplings

HeT, = —h% (c“+1) . (7.6)
a=bo T A (L + 642

Since in z-direction there is only one beam pair while in z and y there are two,
we introduced the factor (1 + 64, z)-

Up to now, we only considered light forces acting on individual ions. Now, we
want to show how these can couple hyperfine states of different ions, employing
a mediation by the collective vibrational modes. To this, we assume that the
counterpropagating beams form standing laser waves, so that

90 l” = 1900l cos(keaz®)?, (7.7)

with % = x,y, z. We assume that the position of the intensity minima relative
to the ion equilibrium positions 2 is fixed to z°° = (1+2m)n/(4ke,a), With m
integer numbers, and where ¢ numbers the ions from 1 to N. We assume that the
displacements of the ions from their equilibrium position, ¢;* = —x?’o, is small
compared to the light wavelength, i.e., k¢ o¢* << 1. In this so called Lamb-Dicke
regime, we can expand the cosine term in the spin-light couplings (7.6)),
leading to the spin—position coupling

N
N 1
Hep=— Y, Y. Fu qfi (o7 +1). (7.8)

a=x,y,z i=1

Here, we defined the coupling strengths F, = hkg7a|Qa|2/(2A(1 +0q,2)) and
neglected terms that act only on the spin components. These are similar to a
homogeneous magnetic field and can be compensated by the terms .

It is convenient to express the ion positions ¢* in terms of the phonon modes,

o _ Mk e et 7.9
3 e 15, &

with Mo, the ion mass. The unitary matrices M diagonalize the vibrational
Hamiltonian, M, K2 MG, = w26y, s, where K is the elasticity matrix. The
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elasticity matrix is determined by the energy it costs to elastically deform the
ion crystal,

‘/;Iast Mlon Z }Cz] ? (710)

a,i,j

This energy is given by the second derivatives of the Coulomb repulsion, so that
for an ion chain along the z direction, we get

2
2 e”[Mion s
Wa ~ Ca zj'(*i) L0_,0 37 t=J
a _ i
K = ) o (7.11)
+Ca 00’ 1#)
i %5

Here, ¢z 4 = 1, ¢, = -2, and the z? denote the equilibrium positions (x? = y? =0).
Further, Aw,, is the vibrational energy of an individual ion (i.e., given solely by
the trap and without the influence of the Coulomb repulsion to other ions).

7.2.2 Effective spin—spin interaction

To arrive at the promised spin Hamiltonian it is convenient to apply the canon-
ical transformation U = e™* with

A=Y 8 (o +D) (a0t -ag) | (7.12)

a,ik

Qk A
&= Fy, 22N 7.13
nl’k hwa,k 2Mi0nwo¢,k: ( )

parametrizes the laser-induced displacements of the ions compared to the ground-
state size of the vibrational modes. In the new basis, the Hamiltonian includes
an effective spin-spin interaction,

where

e (Huib + Hoop + Humag) € = Huib + = Z Jo8od + Z B! 0% + Hyes . (7.14)

a,t,)

The effective magnetic fields have been modified by B/, = B, + F2/(Mionwa)-
Further, the residual spin—phonon coupling Hyes can be neglected in the regime
of small n;',- Then, the spins are completely independent of the vibrational
modes and one is left with an effective spin model that governs the dynamics of
the two hyperfine states |1) and |{).
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In this scenario, the effective spin—spin interaction between two sites i and
7 is
F2

@ — o o « «
T = =l g MMk = =2 i hwa
E MionWy k

F? 1
= ——= (= . 7.15
Mion (’CO( )lj ( )

This spin-spin coupling completes all terms in Hamiltonian (7.1)).

Since the vibrational modes are due to the Coulomb interaction between the
ions, the effective spin-model is long-ranged. The precise spatial form of the
spin—spin interactions is determined by the ratio of the relevant energy scales,
namely the Coulomb interaction between neighboring ions on the one side and
the vibrational energy of an individual ion w, on the other side. Their ratio
can be quantified by the dimensionless parameter 3, = |cq|e?/Mionw?2d3, where
we introduced the mean inter-ion distance dy and where we assume that the
ion chain is homogeneous. In a realistic experimental situation, if an overall
trapping potential is used, the inter-ion spacing becomes non-uniform. In the
central region of a long ion chain, however, this inhomogeneity can be neglected.
An equidistant ion chain could also be created by placing the ions in individual
microtraps [I8T], [I82]. For these reasons, we can assume in the following that
the system is homogeneous. Then, in the stiff limit where £, <« 1, an evaluation
of the elasticity matrix shows that the decay of the spin-spin interactions
obeys a dipolar power law as promised.

Note that in a linear Paul trap 8, <« 1 can only be achieved for the radial
modes, while in the axial direction, 5, ~ 1 has to be fulfilled. Increasing the axial
confinement increases the frequency wg, thus reducing 3, but it also reduces the
ion distances and can even lead to a deformation of the chain into a zig-zag
structure [I77]. In individual microtraps, however, the condition 5, <« 1 can be
fulfilled also for axial modes.

By choosing to which ion modes the laser couples (axial or radial), one can
change the sign of J*; and thus tune the spin-spin coupling to ferromagnetic
(FM) or antiferromagnetic (AFM), as desired. To have all three couplings at the
same time FM or AFM may be experimentally challenging, since this can only
be achieved by coupling to the same types of modes (i.e., either all axial or all
radial). If, however, the pairs of laser beams acting on two different spin com-
ponents 0“* and 0*2 couple to the same set of modes, the transformation ([7.14)
generates the additional spin—spin interactions U;”U;.“Q. This can be avoided by
addressing individual modes. For this purpose, one can choose for each spin-
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component the detuning between the laser beams detuned by a small amount
0 to a specific vibrational mode. In the Lamb-Dicke regime, the trajectory in
phase space of the addressed mode follows a circle that closes after time 1/§, so
that one can trace over the motional degree of freedom without errors. If other
modes are close in energy, however, the system evolution follows also circles in
their phase spaces. With increasing number of modes, it becomes more difficult
to close all the circles simultaneously, so that entanglement between internal
(spin) and external (motional) degrees of freedom remains. This leads to errors
when tracing out the motional degree of freedom. Therefore, cross-talk between
the different addressed modes has to be avoided, which becomes technically
challenging for large ion crystals due to the increase of the number of modes
with the ion number.

7.2.3 Scenario involving walking waves and polarization
gradients

The standing laser waves considered above are actually nothing else than an
optical lattice. Although these may be conceptually more straightforward, ex-
periments typically employ “walking” laser waves [27H29], since they have the
advantage over standing waves that one does not need to fix the position of the
ions with respect to the intensity minima (only the relative distance between
the ions) [184].

In a typical scenario, the walking waves are created by two beams almost
counterpropagating along the axial direction of the ion chain. A relative an-
gle between the beams allows to tune the effective wave length (i.e., measured
along the chain axis). Also, in typical experimental situations it has proven
technically advantageous to obtain the position-dependent coupling not by spa-
tial variations of the intensity but of the polarization. To this, the two laser
beams creating the walking wave are perpendicularly polarized. Since the rela-
tive phase of the two beams varies along the chain, this generates a polarization
gradient, and the polarization dependence of the hyperfine couplings, in turn,
leads to a position-dependent force.

Further, the two beams have a small detuning wy, between them, so that the
resulting wave moves slowly (“walks”) over the ion crystal. The spatial depen-
dence of the coupling is then given by an exponential of the form exp(ike,oz® +
wyt). In the Lamb-Dicke limit, this can again be expanded in terms of the ion
displacements. In the stiff-crystal limit, 8, < 1, the ions are almost indepen-
dent and the dispersion relation of the modes has a small band-width compared
t0 wy. One can then tune the walking waves to the red sideband with respect
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to all vibrational modes. This yields a term similar to Eq. (7.8), and following
the same reasoning as above we obtain a state-dependent coupling similar to
Eq. [184].

Using this type of coupling, tunable spin—spin interactions of Ising type have
been demonstrated in a number of proof-of-principle experiments [27-H29]. From
now on, we neglect the ion dynamics and only consider the effective Hamilto-
nian governing the hyper-fine states. We will see that it hosts an extremely
rich phase diagram worth exploring in such experiments.

7.3 Expected behavior of the model

Before proceeding to the detailed numerical analysis of the ground-state phase
diagram of Hamiltonian (7.I), let us briefly sketch the expected behavior of the
present model, starting from previous related results.

For 6 = 0, Hamiltonian describes a long-range Ising model, or equiva-
lently a 1D system of hard-core bosons with repulsive dipolar interaction. This
is a classical model that can be solved analytically [398]. Due to the long-range
nature of the interactions, for any given filling factor, the particles arrange in a
periodic crystal pattern (a generalized Wigner lattice). For a given filling factor,
these periodic patterns can be constructed by maximizing the mutual distance
between the particles. Every rational filling factor ¢ = 7 occupies a finite extent
in p, thus giving rise to a plateau of fixed particle density, and these plateaux
cover the entire range of p. Similar to the model considered by Bak and Bru-
insma [398], plotting the filling factor against the chemical potential p yields a
self-similar structure — a complete devil’s staircase (Fig. . The name “devil’s
staircase” derives from its surprising mathematical properties, challenging naive



174 7. A trapped ion quantum simulation of long-range interactions

intuitions about continuity and measure: since all rational fillings are present
(in an infinite chain), it is a continuous function; moreover, its derivate vanishes
almost everywhere (i.e., only on a set of measure zero is it non-zero, indeed,
infinite) — and still it is not a constant, but goes over a finite range from 0 to 1.
The devil’s staircase is “complete,” because it covers all values of p.

The stair’s steps have a width

m) _ 23mr208c (%)2 - mr23—337r3cot (%) cse (%)2 . (7.16)
n

This means that fillings with a large denominator — equivalent to a large crys-
tal period — become the ground state only in a very small range of chemical
potential.

A finite tunneling, (f mod ) # 0, makes the problem quantum mechanical.
The tunneling allows particles to gain kinetic energy, which tends to destabilize
the crystal. It melts at some critical tunneling strength into a SF phase where
the particles are delocalized over the chain. Two possible scenarios for a tran-
sition from the crystal to the molten phase are thinkable: a direct crystal-SF
transition, or an intervening supersolid phase. The latter has been predicted to
occur in similar — but two-dimensional — hard-core boson systems [388],[399-403].
Until recently, there was only one claim of an experimental realization of a su-
persolid in *He [290, 291], which is still disputed [292, 293]. Therefore, it would
be interesting to find other systems which show supersolid behavior and are
easier to interpret. One such experiment has been carried out recently [14} 294],
where an atom cloud in a cavity spontaneously breaks spatial symmetry while
at the same time showing off-diagonal LRO.

At finite tunneling, the points 6 = +7/2 are special, since here the ZZ interac-
tion term vanishes from Hamiltonian . The limit 6 = —7/2 describes a FM
XY model. Here, the long-range tunneling can be subsumed in a renormalized
NN interaction, since, first, all interactions work towards the same ordering,
and, second, in one dimension the integral over dipolar interactions converges.
For 6 = +7/2, the system is an AFM XY model, which displays frustration, and
the behavior is less obvious. It turns out, however, that a similar renormal-
ization to a NN interaction captures the main physics. Hence, analogies to a
NN-XY model can help understanding the behavior of the system near 6 = +7/2.
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7.4 Mean-field approximations

In the following, we study how the ground-state phase diagram of Hamilto-
nian ([7.1) develops as a function of §. We start with two approximative methods
to obtain qualitative insights.

7.4.1 Perturbative mean-field theory

A first understanding of the crystal-SF transition can be obtained by a PMFT,
valid for small tunneling. While not being very accurate in 1D, such a mean-field
treatment is generally expected to become better for longer-ranged interactions.
As explained in Sec. [13.2] the PMFT allows to compute a critical tunneling
strength where the SF order parameter becomes finite, and the assumption that
the ground state is localized is no longer valid. This gives an estimation for the
upper border of the crystal lobes, corresponding to an instability under adding
or removing a single particle. The main disadvantage of the PMFT is that there
are potentially more complicated excitations, e.g., the addition of a particle plus
a relocation of the neighboring particles. Such a deformation of the crystal could
decrease the potential energy. In the simple PMFT Ansatz, however, this type
of excitations is not captured. Moreover, it is not the method of choice to
extract information about precise values of observables. It does, however, allow
the assessment of the appearance of meta-stable states.

For our calculations, we assumed an infinite system with the restriction that
the states have a periodicity of 12 sites. Since the crystal phases with a large
periodicity become very small in their extent in u [by virtue of Eq. ], this
is a reasonable restriction which still captures the most prominent features of
the phase diagram.

In Fig. we show the insulating-lobe structure that we obtain from PMFT.
The thick line, which follows the breakdown of the ground state, gives an upper
limit for the stability of crystal states. A dotted line marks the p where the
ground state magnetization changes, i.e., where a different crystal structure
becomes lower in energy. Frustration effects make the crystal lobes more stable
for AFM (6>0) than for FM XY-interaction (6<0). Further, the data exhibit
the rich structure of metastable states (delimited by thin lines), which — as
proposed in the context of ultracold dipolar neutral atoms — could be useful as
quantum memories [I87, [I88]. (For clarity, states that constitute the ground
state only over a small region of the phase diagram are not displayed.)

We also computed the phase diagram within Gutzwiller mean-field theory
(not shown; for technical details of this method, see Chapter. The qualita-
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Figure 7.3: Stability regions of the

crystal states within PMFT, ex-
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tive behavior of the phase diagram is similar to PMFT, but the lobes are some-
what smaller because PMFT considers destabilization under single-particle or
single-hole excitations, while Gutzwiller mean-field theory captures better more
complicated excitations.

7.4.2 Wigner-crystal melting at low filling

For low magnetizations, we can draw an analogy to the melting of Wigner
crystals [404] 405]. As described in Sec. at 0 = 0, the hard-core bosons are
perfectly localized, with an inter-particle distance given by the filling fraction.
At finite tunneling, 6 # 0, the particles spread, but at small tunneling and low
filling it is reasonable to assume that they remain spatially well separated.

Under this assumption, we can approximate the total wave-function by a
product of Gaussians representing the individual particlesE

N, N, N
W) e = (E_? [¥p) = (Eg Z;fp(i) |dop +1),,, (7.17)

where the tensor product includes all particles numbered from 1 to /N, and the
sum runs over all sites i. The Fock states |d0p+i)p denote the particle p at
site dop + 1, where site dop is the center of the wave packet. For simplicity, we
assume that the wave packets as well as the distance dy between them are equal
for all particles. Then, the particle distribution around the wave-packet center

LPMFT neglects coherence between different sites, while this Ansatz neglects coherence
between different particles.
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becomes particle-independent, f,(i) = f(¢), and is symmetric, f(-i) = f(i).
Further, it obeys the normalization condition ¥, [f(i)[* = 1.

In the Fock basis of the individual particles, we can rewrite Hamiltonian ((7.1)
as

H=IY Y —

R (2

3(sinHZh')p fcos922| il, ® 5) ('|q). (7.18)

P q#p

Here, sums over indices g,p run over particles 1, ..., N, and sums over ,j over
sites 1,..., N. Moreover, for now we fix the partlcle number b, equivalent to
fixing the distance dy.

We can arrive at the variational ground state by minimizing the energy
expectation value. For the wave function (7.17), Hamiltonian yields the
energy

(H)enr _ Eou sind cosd
= ZCM g
R =T = 3 I )+ ] BT TP TGP

(7.19)
The sums in the second term obey the condition dog +7—j # 0.

Similar to the Gutzwiller Ansatz (Chapter , the energy can be min-
imized by using the Schrédinger equation [see Eq. (13.9)], followed by taking
the functional derivative with respect to the f(i)f| This procedure gives a
self-consistent equation for the f(7),

1 dEcnm sm9 J cosf
ATTIERAUREDY DD D a1 L ALILOF

J#l |l - | 2 p#0 j;j#dog+l |d0q |
(7.20)

that can be solved by imaginary-time evolution.

The spread of the wave packets increases with € until the initial assumption
that the particles are well separated breaks down. In particular, the state [¥) .,
contains double occupancies of sites, which is not allowed in the original spin
Hamiltonian ((7.1). For large particle separation and small wave-packet width,
the contribution of such states is small, so that we can neglect them. For more
spread-out wave-packets, however, their weight increases, and the description in
terms of independent particles, V), is not valid any more. In such a situation
of large overlap between particles, we consider the crystal as molten.

2Note, however, the different interpretation of the weights f in the Gutzwiller Ansatz.
There, the weights describe the probability at each site of the spin being up or down. Here,
they correspond to the distribution of a single up spin over a background of down spins.
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A measure for the particle spread is the normalized variance

—Aﬁ_i 2_x2_i i2i2
V=g~ gVl - - g ok, (7.21)

the so called Lindemann parameter [406]. We show our results for the Linde-
mann parameter in Fig. [7.4] where we truncated the dipolar tunneling at NNs.
This is a reasonable simplification for low filling, since here the melting occurs
at small €, so that the tunneling to larger distances than NN is extremely small.
For large inter-particle spacing dg, the system behaves similar to the continuum
limit, where it is known [404] that there is a melting transition at

Jtan 6. = const/d . (7.22)

We find that the contour lines of the Lindemann parameter in the lattice system
follow this behavior well for dy much larger than the lattice spacing, The physical
reason behind the behavior of the melting transition , is the weakness of
the repulsive interactions at large inter-particle distances: the larger dj, the
smaller the gain in kinetic energy needed to destabilize the crystal.

At smaller inter-particle distances, the contour lines of V deviate from the
const/dg law. In the lattice system, the particles cannot move over arbitrarily
small distances, but have to jump at least an entire lattice spacing. For small
dp, a single jump can already mean a large increase of repulsive interaction, and
the tunneling has to be stronger than in the continuum case to overcome this.
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7.5 Density-matrix renormalization group

While mean-field theories can provide some physical understanding of the sys-
tem, in 1D they are not very precise. Therefore, we now turn to a thorough
numerical analysis of the phase diagram with the quasi-exact density-matrix
renormalization group (DMRG) method [407-409] (see Chapter [12.2). We con-
sider chains with open boundary conditions of up to N = 102 sites, and with a
bond dimension of D =128. We cut off the interaction range at half the length
of the chain.

Figure[7.5| presents the mean polarization, (Z) /N, Eq. (7.2). As with PMFT,
due to the long-range nature of the hopping terms, the polarization is asym-
metric with respect to 6, in contrast to the system with only NN tunneling
[394]. For large enough field p, or strong FM ZZ-interaction (corresponding
to € not too far from +7), the system is in a fully polarized state, similar to
what we saw in the mean-field calculations. However, as expected, the general
precision of the mean-field Ansatz in this one-dimensional system is low: the
DMRG results indicate that the #-range of the crystal lobes is up to an order
of magnitude smaller than the upper bounds given by PMFT. In fact, in the
global view given in the main panel of Fig. only the plateau for 1/2 filling
(polarization 0 in spin language) is discernible. Panel E of Fig. shows the
small region of the phase diagram where the 1/3-filling crystal lobe (polarization
-1/6) is located.

For the finite systems used here, open boundary conditions play an important
role. For example, in the center of the main panel of Fig. there appears
a broad plateau with (1/2 - 1/N) filling (i.e., with one spin flipped away from
half filling). In the thermodynamic limit, this phase merges with the 1/2-filling
plateau to a single lobe. This peculiarity is highly relevant for the correct
interpretation of future experiments, which might be carried out with open
boundary conditions for technical convenience. Moreover, boundary effects play
an important role in the determination of the decay of correlations, which we
now describe.

To find supersolid behavior, we now characterize the in-plane correlations

, where o* are the usual Pauli matrices. In a supersolid phase,

‘(O—RI/QJJ_V/2+]'>
these correlations show LRO. The log-log plots in panels A to D show their
decay at some selected points in the phase diagram (filled circles), and compare
the result to the same system but with NN hopping (solid lines). In the SF
phase (panels B and D), the decay is algebraic for both NN and dipolar hop-
ping. Panels A and C lie inside the lobes corresponding to 1/2 and 1/3 filling,
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Figure 7.5: Main panel: DMRG phase diagram from the mean polar-
ization (Z) /N, for a system with dipolar hopping and N = 60. As in PMFT,
frustration leads to an asymmetry between 6 < 0 and 6 > 0. (A-D) Decay
of off-diagonal correlations at the marked points of the phase diagram, in
log—log scale, for N = 102. For NN hopping (solid lines) the decay is expo-
nential, while for dipolar hopping (points), the decay is algebraic everywhere,
even within the lobes (A and C), where it follows the dipolar exponent « = 3
(dashed lines provide guides to eye proportional to j~%). (B) In the AFM-SF,
the algebraic decay is faster than for NN hopping, and (D) in the FM-SF it is
slower. (E) The crystal lobe at 1/3 filling from a finite-size-scaling analysis
is much smaller than predicted from PMFT (the plotted area corresponds to
the dashed section of the main panel).
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Figure 7.6: (a) Exponents « of an
algebraic fit coj® to the correlations
|(UJJ§,/2(7;\,/2+J.)|, for N = 60. The panels
show cuts at (b) p = 0 (1/2 filling) and
(¢) 0 = w/2 (XY model). The black lines
in (b) are the exact results for the NN
XXZ model, which can be solved using the
Bethe Ansatz [74]. AFM interaction in-
duces larger exponents compared to the NN
XXZ model, while FM interaction leads to
smaller exponents. Inside the insulating
lobes, we find o = 3 (deviations are due
to finite-size effects). Results for NN tun-
Y 074 i ] ] neling are shown in red [dashed line in (b),

05 0 059/, 0 05 1 15, filed circles in (c)].

respectively, which is visible through the oscillation of the correlation function
superposed to the overall decay. For dipolar hopping, the decay is algebraic
everywhere, even within the lobes, where for NN hopping the correlations decay
exponentially. In the lobes, the decay for dipolar hopping follows the inter-
actions with exponent o = 3 [390]. A clear fit for this exponent can only be
obtained for rather large chains with N > 60 spins. Moreover, although the
strength of the XY-interactions decays rapidly with distance, the power-law de-
cay of correlations inside the lobes can only be observed if the interaction is not
truncated, because it decays exponentially after the truncation distance.

Since inside the lobes we have a crystal structure, the long-range decay
of the transverse correlations is an anomaly when compared to other models
with insulating phases. For this similarity to a supersolid, we call this phase
a quasi-supersolid. In a true supersolid, a crystal structure coexists with LRO
in the transverse correlations. However, in 1D, off-diagonal LRO cannot be
spontaneously broken [229]. Hence, the closest analogue to a supersolid that can
exist in 1D is a state as the present one — with diagonal LRO and algebraically
decaying off-diagonal correlations.

A change in the behavior of the correlations marks the transition from a
crystal state to the SF. For a quantitative evaluation, at each point in the
phase diagram we fit an algebraic function cgj~® to the off-diagonal correlations
‘(U}'\,/QUI\,/ZH)‘. The value of « for a chain of N = 60 spins is shown in Fig.

The cuts of Fig. at p =0 [1/2 filling, (b)] and 6 = 7/2 [XY model, (c)] show
the wide range that the exponent of the correlations takes in this system. They
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also demonstrate the influence of frustration: the correlations decay faster at
the AFM side (6 > 0) than at the FM side (6 < 0). The exponents are similar to
the NN XXZ model [black line in (b)], but cover a broader range. In particular,
they are not independent of the filling for 6 = 7/2 (c), where the NN XXZ model
has a = =0.5. The results for a system with dipolar ZZ-interaction but NN XY-
interaction are shown in red [dashed line in (b), filled circles in (c)]. The main
qualitative difference is that inside the insulating lobes the decay is no longer a
power law, but follows an exponential.

In a finite system, finding the quantum phase transition (QPT) from the
crystal state to the SF is not simple, because the finite number of spins prevents
the system from assuming arbitrary polarizations. This results in a division of
the phase diagram into stripes with different fixed integer number of up spins,
which makes the crystal lobes difficult to discern. In infinite systems, however,
one expects a step-like behavior of the polarization only in crystal phases, while
in the SF the polarization should change smoothly with u between —1/2 and
1/2. This observation makes it possible to extrapolate the border between the
crystal phases and the SF by the following finite-size scaling: At fixed # and
for a given polarization, compute the upper and lower limits of the polarization
plateau, p, (N) and u, (IV), for several chain lengths N. From these, one can
extrapolate to i (N = 00). In the SF, where the polarization should be a
continuum, 4 (00) and pp (00) should be equal. However, in the crystal lobe
there will be a finite distance between p, (00) and py (0): the width of the lobe
for that value of #. A similar procedure is known to work well for the estimation
of Mott-lobes from finite systems in the Bose-Hubbard model [410]. The main
difference is that in our model there is in principle a lobe for any rational filling
factor, instead of only for integer filling factors. Panel E of Fig. shows the
result of this approach for the 1/3-filling lobe, using chain lengths of up to 102
spins. The cusp structure is typical for one dimensional systems [411].

7.6 Infinite time evolving block decimation

To complement the results of the previous section, we study the phase diagram
with the infinite time evolving block decimation (iTEBD) algorithm [412] (see
also Chapter, in which infinite chains can be directly addressed without the
need of finite-size extrapolations. Treating long-range interaction complicates
the original formulation of the iTEBD algorithm and turns out to lead to con-
vergence problems. Instead, we implement a variant of the original algorithm in
which the translationally invariant character of the problem is kept in the state
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Figure 7.7 iTEBD mean magnetization for an infinite chain. (a-b)
Nearest-neighbor XY and next-nearest-neighbor ZZ interactions.
The phase diagram is symmetric with respect to - —6. (c-d) Next-nearest-
neighbor XY and ZZ interactions. Due to frustration effects, the phase
diagram becomes asymmetric. The right panels show a zoom on the insulating
lobe at polarization —1/6 (1/3 filling), as indicated by the box in (c).
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and the interactions, thanks to the use of matrix product operators [413]. In
this way, we can include interaction terms ranging longer than NNs in a much
simpler way.

By comparing the phase diagrams for different ranges of XY interactions, we
may study the effect of the long-range hopping in the thermodynamic limit. The
method still requires a truncation of the interaction range to some finite order,
so that it will not be possible to reproduce the power-law decay of correlations
within the crystal lobes. We truncate the ZZ interactions above next-to-NN
(NNN) interactions and compare the cases of NN and NNN tunnelings. We
observe that a small bond dimension, D = 10, provides already a good approx-
imation to the overall phase diagram. To analyze the insulating lobe at 1/3
filling, we increase the bond dimension to D = 20.

Asin the work by Burnell et al. [394] on dipolar molecules, the phase diagram
is symmetric if XX and YY interactions range only to the NN (Fig. [7.7h). This
is also seen in the zoom on the filling-1/3 crystal lobe (Fig. [7.7b). Including one
more term in the XX-YY interactions already causes a clear asymmetry of the
phase diagram with respect to § — —f. This is clearly visible in the SF phases
(Fig. [7.7c), and in the zoom on the insulating lobe at filling 1/3 (Fig. [7.7d).
The size of the lobe is larger than predicted in the finite-size extrapolation from
DMRG. Since here we are only including the first term further than the NN, we
expect, however, that longer range terms correct the exact shape of the lobe, as
they will give rise to lobes corresponding to other filling factors.

7.7 Exact diagonalization

In this section, we supplement the previous results by ED of chains of 18 spins
with periodic boundary conditions, using the Lanczos method (see Chapter
. Although ED only allows investigation of very small systems, from these
one can often infer surprisingly much about the behavior of the model at larger
sizes (see, e.g., Chapter [3.2.3). Here, we show that ED results hold strong pre-
cursors of the crystal-SF transition. Moreover, an experimental implementation
with a chain of trapped ions will have to start with short chain lengths. For
such a case, ED provides a valuable validation of the trapped-ion QS.
Figure [7.§ displays the fidelity susceptibility,

_ 1= (0) [0 (8 + 20)
r INE

(7.23)

for 1/3 filling. At a second-order quantum phase transition, yr diverges in
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the thermodynamic limit. The peaks in a finite system are precursors thereof.
However, in the present system the divergence turns out to be relatively weak,
which makes it difficult to extrapolate the exact critical point. The qualitative
value, however, is consistent with the DMRG and iTEBD data for large systems.
The second derivative of the energy has been proposed [414] as a substitute of
the fidelity susceptibility to detect QPTs. In the present system, however, the
energy is too smooth to indicate the crystal-SF transition well.

Instead, a convenient observable turns out to be the total magnetization. In
Fig. [7.8 we compare xr to the second derivative of the total in-plane correla-
tions

2

= - T QT | GGy
M, = NNCD) ;j|<sz S7+57SY)| . (7.24)

Here, we sum the absolute values of the correlations to account for the different
staggered configurations occurring at different filling factors. 9?M,/06? peaks
at slightly larger absolute values of 6 than x g, but the rough peak locations
are consistent. We find that the second derivative of the total out-of-plane
correlations ¥, [(S7S7)| (not shown) peaks at §’s very similar to 92 M,/06>.

Finally, a comparison to the results from DMRG shows a very similar peak
location, although in that case the peak is stronger due to the larger system
size. This means that already at very small chains strong precursors of the
QPT appearing in long chains can be observed.
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Figure 7.9: Sketch of the triangular lat-
tice with the \/§ X \/§ Ising order asso-
ciated to the crystal state at polarization
-1/6 (1/3 filling). The state at polarization
+1/6 can be visualized by interchanging 1
and | spins. These states are ground states
at low tunneling.

7.8 Dipolar ions in 2D

In this section, we extend our analysis to dimensions larger than one. Concretely,
we study Hamiltonian on the two-dimensional triangular lattice (Fig. ,
since this is the natural configuration that trapped ions adopt in a Paul trap
(see Fig. with a strong planar asymmetry in the trapping potential mﬂ

Studying higher dimensions is relevant for a variety of reasons. First, the
influence of long-range interactions increases with dimensionality. As we saw, al-
ready in 1D dipolar terms strongly modify the phase diagrams of corresponding
short-range models, potentially even leading to novel phases. We can assume
that this is even more true in larger dimensions. For example, if long-range
tunneling induces quasi-supersolids in 1D, we can expect that it may change
dramatically the stability of two-dimensional supersolids. These appear, e.g., in
triangular lattices with NN tunneling at the transition between crystal and SF
phases [399-H402]. Moreover, 2D is computationally considerably more difficult
than 1D (see our discussion on p. , making an experimental quantum simula-
tion much more interesting. This is especially true if frustration comes into play,
since it invalidates QMC, the method of choice for many 2D lattices. Above,
we saw that already in 1D frustration has some effects; in 2D these should be
strongly enhanced due to the increased number of interactions in higher di-
mensions. On the triangular lattice, which we are interested in this chapter,
frustration is particularly strong due to the geometry (see also Chapter (3.

For experiments, an analysis of the finite-temperature behavior is especially
important. First, this allows to judge the stability of the occurring phases

3But note also that in principle any geometry can be engineered in surface microtraps such

as sketched in Fig. [183].
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towards thermal excitations that will be present in every realistic experimental
realization. What is more, recently Peter and coworkers scanned the phase
diagram of Hamiltonian along the line 1 = 0 in a square lattice [415]; the
authors found that above the SF on the FM side (i.e., 6 < 0), the continuous
U(1) symmetry of the off-diagonal correlations remains broken even at finite
temperatures. Thus, the long-range nature of the tunneling leads to a phase
that defies the Mermin—-Wagner theorem [229]E|

The computational method

To compute the phase diagram of Hamiltonian on the triangular lattice, we
use QMC codes from the ALPS library [407]. The algorithm works by sampling
world lines in the path integral representation of the partition function in the
grand canonical ensemble. Since the frustration of AFM XY interactions in the
triangular lattice leads to a QMC sign problem, we can only access the FM side
of the phase diagram. Here, we reproduce some of our results, focusing on a
system of N = L x L =6 x 6 sites, with L the linear dimension. All interactions
are truncated at the fifth-nearest neighborﬂ A more detailed analysis, including
systems up to L = 12, can be found in Ref. [204].

We can expect a similar collection of quantum mechanical phases as in 1D,
namely a SF at large tunneling and crystal states at low tunneling. Further, a
supersolid phase is expected to occur in between them. To differentiate these
phases, we analyze several order parameters for crystal and SF behavior. Crystal
phases reveal themselves as plateaux in the polarization (Z) /N, Eq. (7.2), and
extensive peaks in the structure factor for diagonal (ZZ-) correlations,

1 —ik-(r;—7; Z Qz
Szz(k):ﬁze klriori) (S757%) . (7.25)

(2%

Here, we focus on the wave vector k = Q = (47/3,0), which corresponds to the
V3 x /3 order parameter that is associated with the crystal states at 1/3 and
2/3 filling (polarization +1/6); see Fig. [7.9|for a sketch of this state. We compare
(Z) /N and S.. (k) to the SF stiffness pg, which is a measure for correlations
in the XY plane. For hard-core bosons it is related to the spin stiffness of the
corresponding spin model (see Chapter [3.2.5). In the QMC algorithm, it can be
derived from the winding number of the world lines.

4The theorem remains valid, of course, as it applies only to short-range models.
5] e., not five lattice spacings in one direction but the fifth-nearest site in absolute distance.
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Figure 7.10: Crystal lobes for
the 2D triangular lattice
around polarization 1/6. (a,c)
Polarization (Z) /N, and (b,d)
SF stiffness ps. Dipolar XY
interactions (c-d) destabilize the
crystal phase compared to short-
range XY interactions (a-b) (in
both cases, the ZZ interactions
are dipolar). The data are from
QMC calculations for a L x L =
6 x 6 system.
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The phase diagram

First, we consider the example of the FM 1/6-polarization crystal in the grand-
canonical ensemble. We set kgT'/J = 0.1, which should be small enough to get
an idea of the main ground-state characteristics. As Fig. shows, compared
to NN tunneling, dipolar tunneling destabilizes the crystal lobes of the devil’s
staircase. A comparison of different system sizes presented in Ref. [204] suggests
that — compared to NN tunneling — this leaves more space for the supersolid
phase that is known to exist next to the crystal lobe [399-H402].

As emphasized in Chapter [} a real-world QS always suffers from experimen-
tal imperfections. Particularly important are thermal excitations. To charac-
terize the stability of the ground-state phases, we study how finite temperatures
melt crystal and SF order [characterized by structure factor S, (Q) and SF stiff-
ness pg, respectively]. Figure[7.11]shows cuts at 6 fixed to around 80% of the tip
of the crystal lobes. These cuts traverse all three important quantum phases,
the SF (large u; finite pg), the crystal [intermediate y; finite S, (Q)], and the
supersolid [low y; finite pg and S, (Q)]. Both order parameters decrease more
rapidly with T for short-range tunneling. This indicates that dipolar tunneling
stabilizes all three kinds of ordered phases (SF, crystal, and supersolid).
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Figure 7.11: Melting of SF-, crystal-, and supersolid order at finite
temperature kg7 /J. Data are from QMC calculations for a L x L = 6 x
6 system, comparing short-range (a-b) with dipolar (c-d) tunneling (in both
cases, dipolar ZZ interactions). To facilitate comparison, the tunneling strength
0 is chosen in both cases to lie at around 80% of the tip of the crystal lobes
shown in Fig. (6 = -0.23 and -0.15, respectively). (a,c) Structure factor
of the /3 x /3 order, S..(Q), and (b,d) SF stiffness ps. Dipolar XY
interactions stabilize supersolid order compared to short-range XY interactions.
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7.9 Summary

To summarize this chapter, we have studied a system of hard-core bosons where
particles interact and tunnel at long distances with an algebraically decaying
strength. We have discussed how the system can be mapped onto a spin Hamil-
tonian that can be simulated experimentally using trapped ions. Unlike other
atomic QSs (such as dipolar ultracold atoms), trapped ions appear to be more
flexible in the manipulation of some parameters — e.g., the interactions and
hoppings can be changed from negative to positive by addressing different vi-
brational modes of the ions.

In one dimension, the system we have studied has a rich phase diagram,
with many insulating phases filled with (possibly long-lived) meta-stable states
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and (quasi-)LRO in all correlations — two prominent features that are induced
solely by the long-range nature of the interactions. The coexistence of diagonal
LRO and off-diagonal quasi-LRO in the insulating lobes can be seen as a quasi-
supersolid, the closest analogue to a supersolid that can be found in 1D.

Extending our results to a two-dimensional triangular lattice, QMC calcula-
tions indicate that the dipolar tunneling — compared to short-range tunneling —
can stabilize true supersolids, in the ground state as well as at finite temperature.
Long-range tunneling could therefore prove advantageous for an experimental
realization of supersolidity in two-dimensional lattice systems.

Since calculations are more complicated for long-range interactions, one can
consider the present model as a testbed for numerical tools. The accuracy of
the standard PMFT proves insufficient, because it does not capture excitations
beyond the single-particle level. ED, DMRG, and iTEBD, however, all deliver
a consistent picture. Among these, DMRG is the method of choice for the
model studied. However, it is restricted to finite systems. While iTEBD is less
accurate and restricted to shorter range of interactions, it allows to investigate
the thermodynamic limit directly. ED, finally, while being relevant only for small
systems, can still serve for benchmarking other less accurate computational
methods and near-future experiments. Despite the small sizes treatable in ED,
it seems to correctly predict the location of quantum phase transitions.

In the future, it would be interesting to study other system properties that
could be affected by the long-range nature of the interactions, such as response
to excitations, dynamics of correlations, or possible changes in the universality
class of the crystal-SF transition [416]. Further, in ion-trap experiments the
precise decay exponent of the long-range interactions can be tuned (such that
it differs from 3) [I36]. A change of the exponent may drastically affect the
ground-state phase diagram, in particular the frustration and supersolid effects
it hosts. With decreasing decay exponent, one can expect a cross-over from
weak long-range behavior to strong long-range physics.

Until now, we illustrated at several examples the variety of models that can
be quantum simulated in trapped-ion and optical-lattice setups. In the next
chapter, we will turn to a different issue. As we have seen at various places
throughout this thesis, quantum phases (such as the supersolids encountered in
this chapter) are fundamentally characterized by their correlations. Therefore,
the ability to manipulate these correlations may be extremely useful for quantum
simulation purposes. In the next chapter, we will present a possible scheme to
engineer spin-correlation patterns in optical-lattice experiments.



Chapter 8

Quantum control of spin
correlations in ultracold
lattice gases

The preparation, manipulation, and detection of quantum correlations in
strongly-correlated quantum many-body systems are fundamental to future
applications of quantum physics, not only for quantum simulations, but also
for quantum computation, communication, and metrology. As we have seen
throughout this thesis, ultracold atomic gases trapped in optical lattices offer
an unprecedented playground for studying such systems. In particular, quan-
tum states of ultracold lattice gases with spin degrees of freedom may be used
to simulate quantum magnetism (see Chapters |3| and , topological insulators
(see Chapter , or quantum phases thought to be important in high-T, super-
conductivity [4, 23T] 417-419]. Considerable progress has been made towards
engineering such systems, which is experimentally challenging because of the low
temperatures involved [87]. Here, we propose an alternative, top-down approach
to producing highly correlated quantum states using the tools of quantum spin
polarization spectroscopy (SPS).

SPS has emerged as a promising technique for the detection of the quantum
phases in lattice gases [420] via the coherent mapping of spin-correlations onto
scattered light in a quantum non-demolition (QND) measurement. In particular,
spatially-resolved SPS that employs standing-wave laser configurations [421]
allows direct probing of magnetic structure factors and order parameters [153]
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422H424].

In this chapter, we propose inverting the tools of spatially resolved SPS as
a means of preparing strongly correlated states of lattice gases. For the ma-
nipulation of cold (and not-so-cold) atomic ensembles, SPS has proven to be
an extremely successful tool. In particular, in recent years, spin-squeezing via
SPS QND measurements has been demonstrated in several experiments [425-
429]. These ideas where extended by Téth and Mitchell [430], who proposed
that such a spin squeezing can create macroscopic singlet states in clouds of ul-
tracold atoms, which however, would be spatially featureless. Here, we suggest
a simple modification of the detection scheme proposed by Eckert et al. [421]
that would allow the preparation of quantum states with distinct correlation
signatures. The proposed principle works in optical lattices with low particle
number per site (such as filling-1 Mott-insulators), but — due to larger optical
depths which allow stronger correlations — is especially suited to arrays of mi-
crotraps in which each trap holds a mesoscopic number of particles, such as in
the experiments of G. Birkl’s group in Darmstadt [431H433] or of T. Esslinger’s
group in Zirich [154].

Control over quantum correlations, and the order parameters associated with
them, will be a central ingredient for a reliable performance of many-body quan-
tum simulators. As seen in previous chapters, understanding the correlations
of a strongly-correlated quantum system is crucial for mapping out its phase
diagram and for tracking down exotic quantum phases.

In many situations, correlations decay exponentially — on a length scale given
by the correlation length — towards a constant (the order parameter). Upon ap-
proaching a critical point, however, the correlation length diverges, and the
decay becomes algebraic [434], 435]. Hence, distinguishing between exponential
and algebraic decay allows to locate critical points, and studying how the cor-
relation length diverges gives important insight about universal behavior close
to them.

In this context, an especially interesting class of quantum phases are disor-
dered ones where the order parameter vanishes and correlations decay to zero
at large distances. In such a case, algebraically decaying correlations are related
to gapless, and hence critical, systems, which are ubiquitous in 1D systems,
but rare in 2D. Fzponentially decaying correlations, on the other hand, signify
completely disordered phases. In 2D spin systems, such phases are conjectured
to appear in the vicinity of high-T, superconducting phases [4} 231], [AT7H4T19].
These so called gapped spin-liquids have fractional excitations which could be
useful as qubits for topological quantum computation [329]. As discussed in
Chapter [3] there are paradigmatic magnetic models which might harbor such
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exotic quantum phases, but it is far from clear under which general circum-
stances these states emerge in dimensions larger than one [231], [419]. Being able
to manipulate the correlations in strongly-correlated quantum systems may al-
low the preparation of such interesting many-body states. These may then allow
to directly study their properties or, by preparing correlations which closely re-
semble a desired final state, serve as a starting point to ramp into phases which
are otherwise difficult to access. Further, a particular class of correlations,
entanglement, is considered the fundamental resource in quantum computing
[436]E| Hence, manipulating correlations in the way proposed here may also
offer a valuable tool for quantum information processing.

The rest of this chapter is organized as follows. In Sec. we describe
how the scheme can be implemented to create a desired spin correlation func-
tion. First, we show that a QND measurement with wavevector k, induces spin
squeezing in a single atomic mode with wavevector 2k,, while leaving the other
modes almost unchanged (Sec. . Using this QND interaction, our strategy
to imprint spin-spin correlations consists in letting a one-dimensional lattice
gas interact with a series of such standing-wave light pulses that covers the
first Brillouin zone (Sec. [8.1.2). We motivate that the outcome should be ap-
proximately given by the cosine Fourier transform of the atom-light couplings.
These can be easily adjusted as demanded by altering the frequency or intensity
of each probe pulse. We also derive formulas for decoherence due to spontaneous
emission, indicating the robustness of the method (Sec. , and we introduce
a witness appropriate for finding spatial patterns of entanglement (Sec. [8.1.4).
Then, in Sec. we compute the resulting spin correlations for several funda-
mental numerical examples that use the above strategy: First, we demonstrate
that correlations with generic exponential or algebraic decay can be produced
(Sec. . Then, in Sec. we study two cases which are more specific,
namely, correlations with the structure factor peaked at wave vectors k = +27/3
(similar to the critical phase of the bilinear-biquadratic Hamiltonian of a spin-1
chain), and correlations with a Gaussian peak at a predefined distance. These
widely different examples show the flexibility of the proposed scheme. We finish
the chapter in Sec. with some summarizing remarks. The results presented
here can be found in the preprint [444].

1 But see also the very recent discussion about quantum discord [437, [438] that questions the
essential role of entanglement [439), [440]. Some of the recent development is nicely reviewed in
the Nature News Feature by Z. Meraly [441]. For some recent experiments, see [38] [442], [443].
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8.1 Description of the scheme

To illustrate our proposed scheme, we consider the interaction of atoms, trapped
in a one-dimensional optical-lattice potential, with a set of standing-wave pulses
of near-resonant light with wave-numbers k,. The atoms are described by col-
lective variables

Na
Jai= 3 W, (8.1)
m=1

where the index m runs over the N, atoms at lattice site ¢ and a = x,y, z labels
the components of the atomic spin operators with length j. For simplicity, we
assume a fixed integer filling per site of IV,. Such a fixed filling is routinely
produced by driving the atom-lattice system into the Mott-insulating phase
as discussed in various examples of this thesis. With Ny lattice sites, the total
number of atoms is Nio; = NsN,. The photons are described by collective Stokes
operators S, defined as

S, = % (al,a") o, (a*) : (8.2)

where the o, are the Pauli matrices and a. are annihilation operators for the
spatial and temporal mode of the pulse with circular plus/minus polarization.
We use the labels p = 1,2,3 to distinguish the Stokes operators from the atom
spins, which are labeled with x,y, z.

8.1.1 Atom-light interaction, measurement, and feedback

The atom-light interaction for a single pulse is then described by the effective
Hamiltonian [445], [446]

Ns
H = Qp Z Ci(kp)Jz’iS;g y (83)
i=1

where ¢;(kp) = (1 + cos(2k,r;))/2 describes the standing-wave intensity profile
and the coupling constants 2, are functions of the probe detuning and intensity
(we work in units where A = 1). Hamiltonian describes a QND measure-
ment that induces spin-squeezing of the J, component of the collective atomic
modes

=

Jo(k) = T et (8.4)

1
\/Nsi

I
[
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with k = 0, £2k,. For multi-level alkali atoms, this effective Hamiltonian can be
synthesized using multicolor or dynamical-decoupling probing techniques [425]
447).

The aim of this chapter is to employ the interaction to engineer spin—
spin correlations in an ultracold lattice gas. We model the interaction using
methods developed for treating the Gaussian dynamics of collective-variable
systems [378] [448-450]. For this assumption to be valid, there has to be a
large number of atoms in each modeﬂ The full system is then described by the
operators R,, (k) = {J;(k), J,(k), J.(k), 51,52, 55} and the covariances

an(kla k2) = é(Rm(kl)Rn(kQ) + Rn(kQ)Rm(kl» - (Rm(kl))(Rn(kQ» . (85)

(Under slight abuse of notation, the covariances involving the stokes operators
S,, drop the corresponding argument k.)

The dynamical equations for the covariances can be derived from the Heisen-
berg equation of motion for the operators, where, in the small-angle regime, an
operator changes as

R (k) = R (k)0 —ir[ R, (k) H]. (8.6)

Here, 7 is the photon transit time through the ensemble. We assume that the
initial atomic state before the procedure is completely mixed, with covariances

fgg)(rla r2) = f(o)(sn,rz where

70 _ Naj (5))7 1) (8.7)

(We distinguish covariances in the spatial domain with a tilde.) This also implies
Fgg(kl, ko) = f‘(o)&cl,_kzéa@, «, 3 = z,y,2. Further, we assume that atomic and
light variables are uncorrelated before the measurement. Then, for an input
Si1-polarized pulse, the only covariances that change due to the pulse are

10" (k) = 2 G0 (), and (8.84)
z 2\/_ zZz b

piont) =l o [2G<m>(o)+G<m>(2kp)+c;gi;>(—2kp)], (8.8b)

2This choice is for convenience of calculation. The scheme itself should also work outside
of the Gaussian limit.
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where we have introduced the coupling strength

Nyj
Kp =TS J ) (8.9)
So
and where we have defined
1 1
G..(k)=T..(0,k) + §F22(2kp, k) + EFZZ(—2kp, k). (8.10)

Detection of S then transfers the correlations described in
Eqgs. (8.8) to the atoms. This can be modeled as a projection [430]

M) — plout) _ plout) (pp, plout) iy, \MPplout) (8.11)
where MP indicates the Moore—Penrose pseudoinverse and
I, = diag(0,0,0,0,1,0). (8.12)
After the measurement, the atomic covariances are

P (k)T5s" (ko)
out
i

DO (r k) = D) (b ko) - (8.13)

Since by virtue of Eq. only T{") (k) is finite, but not T3 (k) or
F;%“t) (k), the only atomic covariances changed by the interaction—measurement
process are I',.(k1, k). Further, the process is highly symmetric. In par-
ticular, it preserves the symmetries T'nq(k, k") = Too(k,—k') for k& # k' and
Poa(k, k') =Tou(k' k) VE K.

The orthogonal spin components J,(2k,) can be successively measured by
coherently rotating the atomic spin between measurements. To allow the mea-
surement-induced squeezing to be repeated for each spin component, we require
(Ja(2kp,)) = 0, which allows us to avoid measurement-induced back-action due
to the Heisenberg uncertainty relation

Taa (k1 k)T sk, ko) = (Ada (k1)) (ATs(k2))? 2 €agy g ({5 (k1 + k2))[
(8.14)
To obtain (J,(2k,)) = 0, the result of the measurement of Sy can be used
as the input to an optical pumping feedback process: a weak pulse of near-
resonant light at wavevector k, with an intensity proportional to Séout) will set
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probe

optical
pumping

Figure 8.1: Proposed experimental set-up. Atoms (blue bullets) trapped
in an optical lattice (black) are probed with a far-detuned, linearly-polarized
standing-wave light pulse with wavevector k,. Afterwards, the probe beam
is outcoupled to a detector, where S> is recorded. A projection-noise-limited
measurement induces spin squeezing, introducing quantum correlations among
the atoms in spatial mode k = 2k,. Feedback is applied via optical pumping
with the same wavevector k, to set the ensemble-average magnetization in that
spatial mode to zero. Successive spin components J, can then be separately
measured by coherently rotating the atomic spin between measurements. The
procedure is repeated for a set of wavevectors k,, with interaction strengths
weighted by the corresponding amplitude of the cosine Fourier transform of
the desired spatial correlation signature.

(J.(2kp) + J.(-2kp)) = 0, and a second pulse with a half-period phase shift sets
(J.(2kp) — J.(—2kp)) = 0, so that (J,(2k,)) = (J.(-2k,)) = 0. As shown by To6th
and Mitchell [378], and as discussed in Sec.[8.1.3|below, this feedback introduces
spin noise that is negligible in the thermodynamic limitﬂ We summarize this
interaction—measurement—feedback procedure in Fig. [8.1]

3 Alternatively, data with small (J,(2kp)) Vkp could be post-selected based on the mea-
surement outcomes.
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8.1.2 Strategy for quantum correlation engineering

Our aim is to use the interaction (8.3) to systematically manipulate the spin—
spin correlation function

Laa(rir2) = (Ja(r1)Ja(r2)) = (Ja(r))NJa(r2)) (8.15)
_ i X eik17‘1 eikzrg
= NS kl%ZI Foza(kla k2) 9

where we label the k-vectors covering the first Brillouin zone |-, 7] from 1 to
N;. Indeed, such a spatial dependence of the correlations can be transferred
from the probe beams to the atoms due to the ¢;(k,) term in the atom-light
Hamiltonian . Equations and imply that the covariances of a
given collective mode J, (k) are only altered after a pulse with &k = 2k, has been
applied. This suggests that we can manipulate f‘aa(rl,rg) with a sequence of
pulses with wavevectors 2k, that cover the first Brillouin zone. Now, we show
that this can be done by an appropriate choice of coupling constants r,.

From our assumption that the initial state is completely mixed, we have ini-
tially Fgoz)(kl,kg) = f(o)ékh_kr After the pulse with 2k, has passed, Eqgs.
and (8.13) create strong correlations for the mode 2k, only for T'..(2k,,0),
I..(2k,,2k,), and T',,(2k,,-2k,). The correlations to the zero mode will in
later pulses also create correlations to other modes. These are small, however,
and for the sake of deriving a suitable strategy, we can neglect all covariances
Toal(k1, ko) with ko # £k1,0. Then, Eq. becomes

Fou(riirs) » Nirzz(o,o)+Niz[cos(zkpm)+cos(2k,,r2)]rzz(2kp,o)
S S P
2
A > [cos(2kp(r1 +72))T 2. (2ky, 2k,) (8.16)
s p

+ 08 (2ky (11 = 72))T 22 (2ky, —2k;) | -

The spatial dependence is strongly dominated by the T',,(2k,,-2k,) term,

which, after the pulse with k,, becomes o) (2ky, —2k,) = T (1-f,/4), where
we define the scaled coupling constants

R2EO)

457

fo (8.17)
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Focusing only on the dominating I, . (2k,, -2k,) term, Eq. (8.16) becomes then

5 r,.(0,0) 2
FZZ(T:[,?"Q) ~ g +

in which spatial dependence is given by the final term, which, if the k, cover
the first Brillouin zone, is the cosine Fourier transform of the f,.

This suggests the following strategy for manipulating the spin—spin correla-
tions fzz(rl,rg): Let

I..(r1,71 +6r) = Caes(07) (8.19)

be the desired output correlation signature. To determine the coupling strength
kp that should be used for each wavevector k, in order to create Cges(d7),
we approximate f, in Eq. by the inverse cosine Fourier transform of
~4C 4 (07) /T O fo = [p(Caes). Further, in Eq. , in the expression for
I‘ggut), Eq. , we replace the covariances T, (k1,k2), with the completely
mixed values T, A posteriori, we find that both approximations are valid for
realistic experimental parameters. Now, we can solve Eq. for k,, which
yields

F(in) C -
Kp = 2\/3 22~ fp( d ) (820)
1- gpr(o)fp(c’des)

where g, = % for k, =0 and g, = % otherwise.

To create Cges(07) in this way, the coupling strengths x, can be adjusted
experimentally by choosing detuning A, intensity, and duration of the pulse
appropriately. In fact, k, = \/NiotNpnoy/AA, where o is the on-resonance
cross section for the probe transition, v the spontaneous decay rate, and A the
cross section of the atomic ensemble illuminated by the probe. With a finite
on-resonance optical depth doyp,, &, is related to the probability of spontaneous
emission 7, via kp = \/dopp{ | giving a trade-off between coupling strength and
decoherence.

The approximations made for arriving at our strategy apply for not
too strong couplings. Below, we demonstrate that these are sufficient to create
clearly distinguishable correlation patterns. The general idea remains valid also
for larger couplings, but then, because one has to keep track of the changing

4This relationship is strictly true only for j = 1/2. For j = 1, if the near-resonant interme-

diate state has j = 0, one has to include a correction factor, kp = %dopnp [451].
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correlations over the course of the pulse sequence, the relation between the x,
and Cyes(07) is less intuitive. Also, for given optical depth d,p, a larger coupling
Kp =1/ dopnp can only be achieved on the expense of an increased probability of
resonant excitation 7,, hence increasing decoherence due to spontaneous emis-
sion. The balance between created correlations and decoherence sets the opti-
mum detuning and intensity of the pulses to achieve maximum spin squeezing.
We turn to discussing the influence of decoherence in the next section.

8.1.3 Influence of decoherence

In realistic experimental situations, the atoms will get partially excited by the
off-resonant laser beam, which leads to decoherence due to spontaneous emis-
sion, thus reducing correlations. Following Refs. [430, [445] [449, [450], we consider
this as the only decoherence mechanism.

Other decoherence processes include noise introduced by the feedback, which,
however, can be neglected as shown by Toéth and Mitchell [430]. For setting
(Jo(k)) to zero, on the order of ~ /Nyt atoms are affected, introducing extra
noise (AJOé(k))2 ~ v/ Niot- In the limit of large total atom number Ny, this is
negligible relative to the initial noise of ~ Nio [452]. One could also, instead of
feedback, use post-selection to identify cases with low (J,(k)). Alternatively,
since feedback introduces the same type of error due to spontaneous emission
as the probe pulses, it could be taken into account effectively by renormalizing
the probability of resonant excitation 7.

To derive an approximate formula describing the effect of spontaneous emis-
sion on the covariances, we assume conservatively that, when an atom scatters
a photon, the atom ends up in a completely mixed state. Decoherence is a
Gaussian process, and, as shown by Giedke and Cirac [453], we can include the
entire decoherence suffered during a pulse by simply applying its total effect to
the output covariances I'q (K1, k2). After a single scattering event, their change
can be written as

2
Faa(klakQ)S61 = (1_N

tot

)Faa(kl,kg) (8.21)

N, N,
el(kl +k2)r; ,yg”ll) )

NsNtot I=1m=1

1 mix
Al Oy ks +

2
((l"ll) = ((]én;))Q) - (]((;7)) denotes the covariance of the a’th spin compo-

nent of atom m at site [ before the scattering event, and ~y

Here, ~

mix

is the correspond-
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ing covariance in a completely mixed state. In Eq. , we took the mean
over all atoms m residing at site [, as well as over all sites [.

The following equations are greatly simplified if we assume that the in-
dividual covariances before the scattering are close to the mixed ones, i.e.,

Wg?) ~ 4™ Then, Eq. (8.21) becomes

2
Faa(klakZ)S61 N (1 - N,

tot

2 .
)Faa(kh k2) + ﬁ'}/mlxdkl,—kg . (8'22)

After n scattering events [i.e., inserting Eq. (8.22)) into itself n — 1 times], the
covariances read

scn 2

Faoz(klaké) %(1_N

tot

n n-1 2 \¢ 2 .
) Faoz(klakQ) + Z (1 - N ) ﬁvmlxéklrb .
i=0 tot s
(8.23)

Setting n = nNiot, i.€., defining n as the fraction of excited atoms, and taking
the limit Nio; — oo, we arrive at

Faa(kl, k‘g)sc Neot N e—QﬁFaa(kl’ ]{/‘2) + (1 - 6_2?7) Na,ymix(skly_kz . (824)
With N,y =T and in the limit of 17 - 0, this becomes
Loa (1, k)™t & (1= 20) Tog (K1, k2 ) + 200068, 4, (8.25)

generalizing Eq. (20) from the work by To6th and Mitchell [430] to a many-mode
system with several atoms at each site.

One way to reduce decoherence would consist in increasing the total atom
number. This increases the optical depth, thus allowing larger detuning which
in turn reduces spontaneous emission. Alternatively, one could counteract de-
coherence by adjusting the coupling strengths &,, e.g., by inducing stronger
correlations at those k-components which suffer stronger decoherence.

8.1.4 Entanglement witness

A special kind of correlations, entanglement is considered an indispensable re-
source for quantum information processing [436] and is of great importance in
quantum many-body systems [454H457]. To show that our proposal can cre-
ate such quantum correlations, we now derive an entanglement witness for the
multimode spatial correlations. For single spatial modes, spin squeezing is re-
lated to entanglement via spin squeezing inequalities [4584460)], which have been
generalized to treat unpolarized ensembles with (J,) =0 in Refs. [461H463].
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Generalizing the strategy of Refs. [464] [465], we use the witness

w
= -1, 8.26
N, (8.26)

such that W <0 implies entanglement. Here, we define

Ns
w= Y Y (Jaidag) () F(rs), (8.27)

o=x,y,21,j=1

where f(r;) is any normalized function

Ny 9
;If(n)l =1. (8.28)

The feedback procedure sets J,(2k,) = 0 for all modes k,, which ensures also
(Jai) =0, Vi. Hence, we can replace (J, ;Jq ;) by the covariances faa(’l"l,’l"g),
Eq. , so that W serves as an entanglement witness for multimode spatial
correlations in our scheme. The definition of W encompasses and generalizes
the plane waves described in Refs. [464] 465], and allows us to calculate the
entanglement witness W as a function of spatial separation, which may be of

general interest outside this particular example.

8.2 Numerical results

We illustrate our proposed technique for quantum correlation engineering by
computing the mean spatial correlations for a 1D chain of spin j = 1 atoms with
N; =200 sites and N, = 10 atoms per site. Note that the same results generalize
to a single atom per site, as long as we bin the chain into Ny bins with N, atoms
per bin, and redefine the coupling constant x, as an average over the IV, atoms
in each bin.

This latter situation is relevant to the bilinear-biquadratic Hamiltonian,
which has a rich phase diagram displaying ferromagnetic, critical, dimerized,
and Haldane phases, each with distinctive spatial correlation signatures [466-
473]. There have been ideas to quantum simulate this model with spin-1 bosons
in an optical lattice [470, [472], and De Chiara, Romero-Isart, and Sanpera [424]
proposed an interesting procedure to measure its phases using polarization spec-
troscopy. Its experimental realization remains still elusive, however, since it
requires extremely low temperatures and a careful engineering of the many-
body Hamiltonian. To prepare the phases appearing in the bilinear-biquadratic
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Hamiltonian, it could prove advantageous to start from states which already
have correlations close to the phase under consideration. These correlations
could be prepared using our scheme.

While ferromagnetic phases are well-studied and -understood, a prepara-
tion of the other phases of the bilinear-biquadratic Hamiltonian seems much
more interesting: the Haldane phase is a paradigmatic example of a topological
phase [466], and the dimerized and critical phases have long eluded a clear clas-
sification of their phase boundaries and ground-state behavior [471] 473]. The
Haldane and dimer phases are gapped, having exponentially decaying, antifer-
romagnetic spin—spin correlations. The critical phase, on the other hand, has an
overall algebraic decay, with a structure factor peaked at k = +27/3 [468, 469],
leading to characteristic period-three oscillations [467].

In the following, we want to compute mean correlations for cases which
are of general interest but in particular relevant to this bilinear-biquadratic
Hamiltonian. To probe the spatial dependence of the induced entanglement,
we calculate the witness W between two sets of lattice bins r,—1__,, and ry-1.. »
separated by a distance dr using the function

1 if r; erg,
flry) ={exp(ig) ifr;ery, (8.29)
0 otherwise.

For given dr, W can then be minimized with respect to ¢.

8.2.1 Generic examples: exponential and algebraic decay

First, we demonstrate the preparation of spin correlations Cyges(d7) with:

(a) An exponential decay e /¢ with a correlation length &, corresponding to
gapped phases; these are, amongst others, relevant to gapped spin liquids
(see Chapter [3).

(b) An algebraic decay ¢, corresponding to critical phases and quantum
critical points.

We illustrate case (a) with & =5 and case (b) with ¢ = 0.7. We compute the
fp corresponding to Cges(d7) as described in Eq. (8.20)), apply the pulses in
sequence to the atoms, and compute the resulting real-space spin-correlations
after all pulses have been applied,

1 No/4 f‘,m(ri,ri +57’)

C(ér) = N,/4 Z Z RO)

=1 a=x,y,z

(8.30)
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Since the correlations are symmetric with respect to the center of the lattice, we
restrict the sum to Ng/4. The only remaining free parameter is then the max-
imum coupling strength max,{x,}, which we set to ~ 0.95, ensuring that the
approximations suggesting the used coupling strengths are valid. This is
a conservative choice: we could increase k, and calculate the f, taking into ac-
count the change in the covariances I, (k1, ko) after each pulse in the sequence.
We then calculate the correlations for do;, = 33,99, 300, varying the decoherence
at fixed k,, and compare this to the decoherence-free case with dyp, = co.

Since the pulses which are applied first suffer decoherence from subsequent
pulses, the order of the pulses matters, although the overall behavior is relatively
robust in this respect. We find that the optimal order can be different for
different patterns of desired correlations. Here, we use for the exponential decay
the sequences k, = %’T, p = 1,...,% and for the algebraic decay k, = 7 -

N p = 1,...,% We consider only positive k,, which is sufficient due

to §ymmetry reasons. In all the cases we consider here, since squeezing the
zero-mode only introduces a constant shift of the correlations but no spatial
pattern, we exclude it from the &, sequences. Furthermore, since many Fourier
transforms are strongly peaked, in practice one could neglect k-modes with little
weight.

The exponential and algebraic decay signatures produced this way are clearly
distinguishable in Fig. and, at large optical depths, fits to the desired corre-
lation signature Cges(97) (green dashed lines) coincide well with the data points
(blue). For case (a), moreover, the exponential decay is maintained over several
orders of magnitude. Here, fits to the short-range behavior yield the correlation
lengths € = 8.4,6.9,5.7,5.1 corresponding to dop = 00,300, 99, 33, which are suffi-
ciently close to the desired value £ = 5, considering the simplicity of our strategy.
For case (b), a clear algebraic decay is seen with a fitted { ~ 0.4. Deviations
from the desired parameters induced by finite optical depths could be further
compensated by adjusting the ), appropriately. For both cases (a) and (b), we
checked that an exponential (algebraic) fit performs better for a desired expo-
nential (algebraic) decay, demonstrating that the class of correlations can be
engineered as desired. In the insets, we have subtracted the constant base line
b= C(d6r - o) from the correlations, b, in order to exhibit the pure exponential
and algebraic decay, respectively. In the corresponding log-linear and log-log
plots, these should thus yield straight lines. The reason for the (seemingly)

5The chosen kp-modes induce correlations which correspond to periodic boundary condi-
tions of the chain. As implied by Weyl’s theorem, the precise form of boundary conditions
does not play any role in the limit of large lattices [474].
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Figure 8.2: Numerical results for two generic examples, (a) exponen-
tial decay, and (b) algebraic decay. (i) First column: After the pro-
cedure, C(dr) follows the desired pattern Caes(67). The lines from darker to
brighter shades of blue are for dop, = 00, 300, 99, and 33. In some cases, the
dop = oo data is plotted as circles to facilitate comparison to fits (green dashed
lines). The insets in (a.i) and in (b.i) are log-linear and log-log plots, respec-
tively, where for clarity we subtracted b = C(dr — o), extracted from a fit.
For (a), without decoherence, the decay follows an exponential fit. For finite
decoherence (dop < 00), C(d7 — o0) cannot be reliably determined, yielding de-
viations from straight lines. For (b), the curves are straight lines for all values
of dop, and algebraic fits are very accurate. (ii) Second column: The covari-
ances I'(k, —k) follow the Fourier-transform of the desired correlation signature
Caes(07), even for small dop,. Deviations occur primarily only at small k where

the pulse str

ength x, is high.
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Figure 8.3: Entanglement witness for (a) exponential decay, and (b)
algebraic decay. In both cases W(dr, ¢) < 0 can be achieved, which witnesses
non-classical correlations. In (a) and (b), the red lines are fits to W(dr,0) [(a)
exponential, (b) algebraic; data: black points], showing that the spatial decay
of entanglement behaves as the total correlations. The orange contour line in
(a) marks W(dr, ) = 0.

non-monotonic curves in the inset of (a.i) is that finite decoherence deteriorates
the correlations at large distances, which makes it difficult to reliably extract
the extremely small base line b.

The real-space correlation signature can also be extracted by fitting the
Fourier transform of Cqes(07) to the covariances I'(k, —k), which are the observ-
ables that are measured and manipulated in the experiment. This is illustrated
in the second column of Fig. The corresponding fits for d,, = co are shown
as green lines, demonstrating that the data points follow the ideal cosine-Fourier
functions of C4°(4r) closely. The parameters extracted from these fits are very
close to those found in the spatial domain and to the desired results.

In Fig. the entanglement witness W, calculated for a single bin entangled
with a chain of 106 bins, is shown for the two cases (a) and (b). In both cases,
W is minimized for ¢ = 0, where it decays exponentially (algebraically) with dr,
thus following the spatial behavior of the total correlations. The entanglement
is considerably stronger for algebraic decay.

8.2.2 Specific examples: period-three critical phase, Gaus-
sian peak

So far, we discussed numerical results for two quite generic cases. Now, we
demonstrate that our scheme also works in more specific situations. The case
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(a) treated above can be easily extended to generate antiferromagnetic spin—
spin correlations dressed with an overall exponential decay, as occurring in the
Haldane and dimer phases of the bilinear-biquadratic Hamiltonian. To this, one
has to simply use for the coupling strengths a Lorentzian centered at k = 7 (or,
to include algebraic corrections, the square-root of a Lorentzian).

Here, we are more interested in the critical phase of this Hamiltonian, with its
overall algebraic decay and a structure factor which is peaked at k = +27/3 [468]
469), leading to characteristic period-three oscillations [467]. Heuristically, we
model this structure factor using the functional form

-1+¢
) . (8.31)

-0 () 5

Here, £ is the Euler gamma function. The cosine Fourier transform of the
function has two parts, one decaying as 1/6r% and one decaying as
cos(2mdr/3)/6r¢. TFor ¢ < 2, this second term dominates at large distances
or and produces the desired algebraic decay with period-three oscillations. The
form is chosen to resemble the structure factor at the Lai—Sutherland
point of the bilinear-biquadratic model [468], [469].

As seen in Fig. a.i), the resulting real-space correlations (for the input
value ¢ = 1.1) display the characteristic period-three oscillations as desired. To
be more quantitative, we fit a function 55 + m + ¢ to the correlations
C’(ér) The best fit (green dashed line) yields the de51red values for the period
(p= —) the phase (¢ = 0), and the exponent (¢ = 1.11), thus perfectly repro-
ducing the desired result. Similarly, after the procedure, I'(k, -k) reproduces
the desired functional form of the structure factor, as displayed in Fig. [8.4fa.ii).

Finally, we want to show that our scheme can even produce exotic real-space
correlations without known parallels in many-body systems. For example, we
can create correlations which are peaked at a predefined distance. This might
be useful for quantum information tasks such as state-preparation protocols or
the creation of localizable entanglement between distant qubits [457], usable for
teleportation. As an example, we shape the coupling strengths as the Fourier
transform of a Gaussian \/%7- exp (—[(57’ —19)/Ar]?) centered at a distance rq =
20 with a small variance (Ar = 2). The result, shown in Fig. [8.4p, is — besides
the appearance of higher harmonics around dr ~ 40 — a Gaussian peak centered
at dr = 19.95 with a width of Ar = 2, thus accurately reproducing the desired
result.

For the examples considered in this section, we used d, R]: oo with, for the al-
gebraic period-three decay, the sequence k, = p Top=1,.., <%, and, for the Gaus-

-1+¢ ‘k_g
3
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Figure 8.4: Specific numerical examples, (a) period-three oscillations
with algebraic decay, (b) Gaussian peak. (i) First column: The real-
space correlations reproduce the desired form. Fits (green dashed lines) yield
(a) period-three oscillations with an overall algebraic decay, (cos( 2t —6r)) /8¢,
with ¢ = 1.1, and (b) a Gaussian at or = 19.95 with width Ar = 2. (ii) Sec-
ond column: The k-space correlations follow the desired pattern given by the
coupling strengths. (iii) Third column: The witness W(dr, ) proofs entan-
glement. At ¢ = 0, its spatial signature follows the total real-space correlations.

oL 2(p-)7 7 2(p-D)m
N, Ny 2 Ng ?

p=1,.., %. Here, we should note another subtlety which is relevant for these
examples: the cosine-Fourier transform can attain negative values. Since a neg-
ative coupling k, is non-physical, we use in such cases a constant off-set which
shifts all couplings x, to non-negative values. This does not change the correla-
tion pattern, since the Fourier transform of a constant is a delta function at the
origin, thus only influencing the correlations between atoms on the same site.

sian peak, interlaced rising and falling sequences, {

For both of these examples, the witness W(dr, ¢) proofs for all values of
¢ entanglement between the single bin and the 106 reference bins. The spa-
tial signature again follows the total real-space correlations. The magnitude is
comparable to the purely algebraic decay, case (b) from Sec. Notably, the
perhaps most exotic correlation pattern, the Gaussian peak, achieves the largest
absolute values of W(dr, ¢).
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8.3 Summary

In this chapter, we have shown that polarization spectroscopy is not only a pow-
erful technique to measure correlations, but that — with a simple modification of
the experimental scheme discussed by Eckert et al. [421] — it makes it possible to
engineer a quantum lattice gas with an arbitrary spin correlation function. We
have illustrated the flexibility of the procedure with several examples mimicking
the quantum phases of the bilinear-biquadratic Hamiltonian. In particular, we
have shown how to prepare exponentially- and algebraically-decaying correla-
tions, as well as the correlation pattern pertaining to the critical phase of this
Hamiltonian. We further considered the more exotic example of correlations
which are peaked at a predefined distance.

In our calculations, we make conservative assumptions about the experi-
mental parameters, leaving considerable scope for further optimization of the
procedure. Further, we have shown that the procedure is fairly robust under the
influence of decoherence. Moreover, we have generalized the entanglement wit-
ness proposed in Refs. [464] [465], which may be of independent interest outside
this particular example. Using this witness, we have shown that the engineered
spin-correlations entail multimode atomic entanglement.

Engineering correlations in such a way could be a valuable preparatory step
for state preparation, which is important for both quantum computing and
quantum simulation. There exist various schemes to reach interesting many-
body ground states (which are typically characterized by high entanglement),
e.g., by cooling a sample [475], or by adiabatically ramping parameters from
an easy-to-prepare initial state. If, however, the correlations in the initial state
can be engineered to be close to the correlations of a desired state, one can
hope that the probability to reach that desired state after the cooling/ ramping
is increased. Notably, our procedure is readily extendible to higher dimensions
and larger-spin systems, and does not depend on the fermionic or bosonic nature
of the atoms.

In this chapter, we saw the detrimental effect of decoherence, and how it
suppresses the correlations achievable. As discussed at various points of this
thesis, such error sources will always be present in realistic quantum-simulation
experiments. In the next part of this thesis, we will make an attempt at charac-
terizing more generally how imperfections compromise the results of an analog
quantum simulator.
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Part 111

Quantum Simulators —
Robustness and Reliability
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Already in the introductory Chapter [} we saw that little is known about the
robustness of analog quantum simulators (AQSs) under realistic experimental
imperfections. This led us to the fundamental question: Can we trust quantum
simulators? Since there are no known ways for quantum error correction in
AQSs, the rigorous answer to this question should be “no;” yet in practice we
do tend to trust them, at least to some extent.

One of the aims of this thesis is addressing the fundamental issue of reliabil-
ity of AQSs and the relationship to the complexity/efficiency of the simulation
[requirements (c) and (d) of our QS definition in Chapter [L.1]. For a reliable
performance of a QS, it is indispensable to ensure that no terms in the fun-
damental equations describing its behavior have been forgotten, lest the QS
simulate the wrong model. In Chapters[9] and we will discuss two such cases
where conventionally neglected effects change the phase diagrams of systems of
ultracold atoms.

The core piece of the present part is Chapter where we discuss the influ-
ence of imperfections on a generic AQS. To this purpose, we study a paradig-
matic example, the quantum Ising chain, subject to quenched disorder. Our
analysis demonstrates how disorder suppresses correlations, modifies universal
behavior near a quantum phase transition, and changes the dynamical response
of the system. In particular, it suggests that the reliability of an AQS and the
efficiency of calculations are interrelated: precisely in those parameter regimes
where classical calculations become less efficient, the AQS performs worse.

The analysis of disorder in an AQS may also inspire valuable ideas for the
validation of such devices. We proposed such a test to certify the reliability of
AQSs in Ref. [61] (see also Fig.|8.5|and Ref. [62]): This test consists of purpose-
fully adding imperfections to the QS, such as static disorder or dynamical noise.
Static disorder, e.g., can be increased in a controlled manner in AQS implemen-
tations with trapped ions [189] or ultracold atoms [I55]. This would then allow
(i) to judge how strong the reaction of the QS with respect to these perturba-
tions is and thus to bound possible errors, and (ii) to extrapolate interesting
observables to the ideal, zero-disorder limit. The latter would be a workaround
to the validation, assuring that imperfections are properly accounted for. These
considerations can also be applied to DQSs, but are particularly relevant for
AQSs since in that case standard error-correction schemes are not available.
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Figure 8.5: Quantum simulators in the interplay of theory and ex-
periment. Experiments inspire the search for fundamental answers and show
where theoretical models have to be improved to agree with nature. In turn,
theorists derive simplified models, the solution of which should help explain
experiments. However, even some of the most simple of such quantum models
cannot be solved efficiently by analytical or numerical calculations on classical
computers. Large-scale quantum computers could serve this purpose, but they
are not yet available. Using existing technology, one could solve these models
with analog quantum simulators (AQSs). Before these can work reliably, how-
ever, we must bridge a crucial link — their validation. Lower right: Test for
imperfections. As proposed in Ref. [61], a strategy could be to test how the
results of the AQS depend on purposefully introduced imperfections. Here, we
show a paradigmatic case for the suppression of the correlation length in a 1D
system along the phase diagram (spanned by the parameter \) under varying
the amount of disorder (from Chapter . This may allow to bound experi-
mental errors. An extrapolation of the results obtained at finite imperfections
to the case of the ideal model (arrow) — e.g., to identify the location of a critical
point in the phase diagram (white dot) — can constitute a workaround to the
validation of AQSs.



Chapter 9

Bose-Hubbard model with
occupation-dependent
parameters

The general definition of a simulator given on p. [3] reminds us that — prior
to any simulation — we have to derive a faithful model for the system we
are planning to simulate. In the context of analog quantum simulation, we
then desire to solve that simplified model by operating the analog quantum
simulator (AQS) in a regime where its fundamental dynamics is described by
the same equations. If, however, the effective equations governing the AQS are
not derived with sufficient accuracy, we are actually simulating a different model,
thus provoking systematic errors. In particular, if we neglect terms which in fact
do play a role, the simulated phase diagram can change completely, and exotic
effects may be ascribed to a certain model when in reality they are (maybe
even trivially) due to overseen terms. On the other hand, besides being only
a nuisance, such additional terms can also be a benefit, giving access to novel
physics not contained in the original, more simple, model

IFor example, in the spin models of Chapterf derived in trapped-ion setups as an effective
spin—spin interaction mediated by lattice vibrations — residual couplings between spins and
lattice vibrations can compromise the desired spin model. On the other hand, engineering
these spin—phonon interactions opens access, e.g., to quantum simulations of the Jahn—Teller
effect, which explains distortions and non-degenerate energy levels in molecular and solid-state
physics [200].
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In this and the following chapter, we will analyze regimes where such ne-
glected terms in optical-lattice Hamiltonians become important. We will show
how these terms modify phase diagrams that are conventionally assumed to
describe these Hamiltonians, and how they lead to novel effects which are of
fundamental interest on their own.

9.1 Bose-Hubbard physics at strong interactions

For many important strongly-correlated many-body states of ultracold atoms,
possible realizations rely on strong interactions. However, when the interactions
between the particles are strongly enhanced, e.g., via a Feshbach resonance, the
standard Bose—-Hubbard model , which typically describes ultracold bosons
in an optical lattice extremely accurately, has to be modified. Namely, such
strong interactions make effects of higher bands important, invalidating the
description in terms of the conventional single-band Bose-Hubbard model.

In the conventional scenario, for not too shallow lattices, the kinetics of the
atoms is exhausted by single-particle tunneling processes between lattice min-
ima. When the lattice is ramped up, an initially weak interparticle interaction
eventually becomes important with respect to the kinetics. This conventional
Bose-Hubbard model has only two parameters, the on-site interaction en-
ergy U, and the nearest-neighbor (NN) tunneling matrix element ¢. As long as
the interaction is weak compared to the lattice potential, the description in terms
of the lowest-band single-particle Bloch or Wannier states as given in Eq. (2.3)
is a good approximation. Then, U and ¢ are given by the matrix elements
and , which are taken with respect to the single-particle Wannier states.
This approximation corresponds to degenerate perturbation theory up to first
order in the interaction, where couplings to higher bands are neglected.

However, if the interaction is stronger, higher-order corrections start to play
arole. One may then still describe the system in terms of lattice-site occupation
numbers n;, but the occupied Wannier-like orbitals will have admixtures from
higher bands which depend on the occupation number. The most significant
effect of the repulsive interaction will be a broadening of the Wannier-like or-
bitals with increasing occupation, effectively enhancing ¢ and decreasing U. At
this place, we take this in terms of the Hubbard description into account by
replacing ¢ and U by functions ¢;, »; and Uy, of the number operators n;. At a
theoretical level, several authors have studied quantitative consequences of this
kind of modification to the plain bosonic Hubbard model [476H478]. For exam-
ple, additional Mott-insulator (MI) phases have been predicted considering an
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interaction-induced modification of the Wannier functions [479, 480]. Also, the
effect on the Mott transition of the interaction-induced coupling to the first ex-
cited band has been considered [481], and the interaction-induced modification
of Hubbard parameters has been predicted to lead to re-entrant behavior in the
SF-MI transition [48T], [482]. Finally, the effect of interaction on the tunneling
dynamics in one-dimensional double-well and triple-well potentials have been
studied in Refs. [483] [484], where the authors found enhanced correlated pair
tunneling near the fermionization limit. On the experimental side, occupation-
number-dependent on-site interaction has been observed in the coherent dynam-
ics of an atomic ensemble [485]. Similar occupation-dependent effects have been
measured in Bose-Bose [486] and Fermi—Bose mixtures [299, B00, 487], and —
in the latter case — have been explained theoretically in terms of occupation-
dependent parameters U and t [488].

Here, we show that — going beyond a mere quantitative change — even new
quantum phases can arise in Hubbard models with number-dependent parame-
ters. To do this, we first derive the effective single-band Hamiltonian for strong
interactions (characterized by the s-wave scattering length a;), including the ef-
fect of the site occupation (Sec.[9.2). For later comparison, we study in Sec.
the instability of the MI phase with respect to simple particle and hole excita-
tions, leading to the usual single-particle SF. Then, in Sec. [0.4] we investigate
the instability of the Mott phase with respect to the excitation of bond-centered
pairs of particles (i.e., pairs which are extended over neighboring lattice sites).
We show that this mechanism becomes relevant when the s-wave scattering
length is increased, and that it leads to a phase transition to a SF of extended
pairs. This feature is novel, since the extended pairs emerge in a single-species
repulsive bosonic system without the presence of any long-range interaction (for
pair-SFs in systems with long-range interactions, see Chapter [10). In Sec.
proceeding to even stronger interactions, we find an instability of the Mott phase
towards a SF of site-centered pairs. In this regime, the Mott phase with a fill-
ing of two particles per site can disappear completely. Finally, in Sec. 0.6, we
focus on the regime where interaction effects are important not because of large
scattering lengths, but rather because of large site occupations. In this limit,
starting from the Bogoliubov approach for the homogeneous system, we find a
phonon instability at a critical filling fraction. When exceeding that fraction,
the new ground state is a Bose condensate where the particle density is localized
along one spontaneously chosen spatial direction. The results presented in this
chapter have been published in Ref. [489].
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9.2 The occupation-dependent Bose—Hubbard
model

In this section, we discuss how interaction-induced orbital effects can be cap-
tured in an effective single-band Bose-Hubbard model with occupation-depen-
dent parameters. We will analyze the resulting model in the following sections.

As described in Eq. , the Hamiltonian of short-range-interacting ul-
tracold bosonic atoms in the presence of a periodic lattice potential Vi (7r) =
Vo[sin? (rz/d) +sin? (7y/d) + sin? (7z/d)] with lattice constant d, can be written
as

2
H= f d3r¥(r) [— L Viae(r) + 2[5 () [ W () (9.1)
IM.: 2

with bosonic field operators \il, atom mass M, and interaction strength g =
4mh%as/M,;. Notably, for high interactions in the presence of an optical lat-
tice, the pseudo-potential form of contact interaction can still be used when
a modified scattering length instead of the bare scattering length is employed
[490H493].

Similar to Eq. (2.3), to derive a Hubbard-type description, we expand the
field operators W(r) in terms of Wannier-like orbitals w; (r;7;) = w(r — Ri; f;)
localized at the lattice minima R, (assuming translational invariance), so that

(r) = Zl}iw(r—Ri;ﬁi). (9.2)

Here, l;l creates a boson at lattice minimum R;, and n; = IAJILIA)z is the corre-
sponding number operator. In contrast to the expansion (2.3), here we take the
interaction-induced occupation-dependent broadening explicitly into account,
so that the Wannier orbitals w depend on the number operator n,;. Keeping
only on-site interactions, which we will justify a posteriori at the end of this
section, we are led to the effective single-band Hamiltonian

1

ﬁ:—ztmmz}jz}j+52Uﬁim(m—1)—zﬂm, (9.3)
{i7) i i

where the matrix elements (2.6) and (2.7) now read

2
3 oo
tﬁiyﬁj = —fd Tw(T—Ri,ni)[—QMat

Usn, = gfdgrw2(r—Ri;ﬁi)w2(r—Ri;fzi—1). (9.4)

vZ+ Vlat('r)]w(r -Rj;nj+1),
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In Hamiltonian , we have also introduced the chemical potential y to control
the particle number.

In order to estimate the occupation-number dependence in a mean-field ap-
proach, we make a Gaussian Ansatz for the Wannier-like wave functions,

w(r - Riny;) = e (R /A (i) , (9.5)

where the width A, (n;) is a variational parameter. For simplicity, we replaced
the dependence on the particle operator n; by a dependence on the particle
number n; = (f;). From this, we can minimize the Gross-Pitaevskii energy
functional for the Ansatz (9.5). The idea to employ the width of the Wan-
nier function as a variational parameter has also been used in Refs. [494H496].
Taking into account the full lattice potential (i.e., not employing a quadratic
approximation for the lattice minima), for a given n; this leads to

Au(n)\ JA2)) | Aw(n) f(vo)l“ as
(Aw)o ) exp( ™ d2 = Aw70 + 2T E7R g(nl 1)

(9.6)

Here, we use Ay o/d = (VO/ER)J/4 /7 to denote the width of w in the limit
Vo » ER, where Eg = m2h?/(2M,.d?) is the recoil energy. Note that Eq.
has a solution only as long as \/Vo/Er > A2 (n;)/AZ ;. Using the variational
result, the tunneling parameter between two adjacent sites can be approximated
by

tn, n 2 vy d2
ing (T ) Yo - . 9.7
Er (4 )ERQXP( 2[Aa<m+1>+Aa<m>]) &)

When calculating the tunneling strength, the Gaussian approximation
generally results in a lower value than the exact calculation; the exact Wannier
orbital has an exponential tail which decays slower than a Gaussian. Never-
theless, our simple approximation provides us with reasonable numerical values
and with a suitable model for the occupation dependence of tunneling in the
regime under consideration. This allows us to get a qualitative understanding
of the physics at work.

For the number-dependent on-site interaction strength, the variational result
gives

3/2

3/4 4A2 i
Um :\/E(&) w,0 % (98)
Bn Y \Be) \B2G)+a2n-n)
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In principle, the expansion of the quartic interaction in Hamiltonian (9.1)) in
terms of Wannier functions, Eq. (9.2)), gives additionally rise to terms propor-
tional to b 72;b; (occupation-induced single-particle tunneling) and b!b1b;b; (pair
tunneling). However, these terms are exponentially smaller than ¢(n;,n;), ap-
proximately by a factor of exp (—7T2\/V0/ER/4) as/d for the occupation-induced

single-particle tunneling and by exp (—7r2\ /VO/ER/Z) as/d for the pair tunneling.
Since we are in the limit of Vj/Eg > 1, we can neglect these terms in Hamilto-
nian (9.3). As shown in Chapter [10] however, if strong long-range interactions
are present, such terms can become important.

9.3 Insulator to single-particle superfluid transi-
tion

Having derived a suitable model Hamiltonian describing the regime of strong
interaction, we now study the instability of the MI (with occupation number
n; =1 for all sites ) towards a SF of single particles/holes. In later sections,
we will study its instability towards more exotic pair-SFs (PSFs), to which the
present analysis is an important point of comparison.

For this purpose, we use a Gutzwiller-type product Ansatz []; |®); for the
many-body state (see Chapter[13.1]), with the variational coherent spin-represen-
tation state [497), 498]

|®); = cosb|n); +sinfsinp|m+ 1); + sin 6 cos|n — 1), (9.9)

at each site i. Here, |n;); denote the occupation-number basis states. In this
Ansatz, we assume that the state is translationally invariant, and we truncate
the Fock-state representation at one additional particle or hole, which in the
Mott phase and close to the transition to the SF, where particle fluctuations are
small, is sufficient. Accordingly, the variational mean-field energy is given by

E, E E
]\js = —% sin® 26 + (7(] + [1cos 21/;) sin?4, (9.10)

where z = 6 is the coordination number for the cubic lattice and

E; = VA + ity m sin® )2 + (A + D)ty msin® @ + Atg g cos®¢,  (9.11a)
Ey =7(7t - 1)U cos? 0 + (7 + 1) Upy 1 sin’ O sin? 1

+ (7 —1)(7 - 2)Us_1 sin? O cos® ¢ . (9.11b)
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Minimizing the energy determines 6 and . The value 6 = 0 corre-
sponds to an incompressible MI state, where the number of particles 7 per site
is an integer that stays constant within a finite interval of the chemical potential
p- In contrast, for 6 # 0, the state is a SF with order parameter (b;) ~ sin 26,
and the average particle number per site depends smoothly on the chemical
potential via the parameter .

Thus, when Es minimizes for non-zero 6, the Mott state becomes unstable
with respect to single particle and hole excitations, which is the usual scenario
of instability of the MI. For interaction strength as/d = 0.15 and m = 1 , this
happens at the black lines (solid or dotted) in the plane spanned by u/Vy and
to,1/Vo in Fig. m For small v, the transition to the SF occurs mainly via the
creation of holes, while for ¢ near 7/2 the MI is destroyed mainly by the creation
of particles. In the latter case, the MI becomes unstable when the energy cost
of creating an additional particle at one site, namely U,.1n(n + 1)/2 - p, is
overcome by the reduction in energy due to tunneling of that particle. This
gain in tunneling energy is on the order of z(7 + 1)t711 7.

9.4 Superfluidity of extended (bond-centered)
pairs

So far, we have described the usual scenario where the Mott phase becomes
unstable with respect to single particle and hole delocalization, as it is also found
for non-number-dependent Hubbard coupling ¢ and U. We will now show that —
as a consequence of occupation-dependent hopping and on-site interaction — the
MI can also become unstable with respect to the creation of pairs of particles,
and this already at smaller tunneling strengths than where the creation of single
particles becomes favorable.

On top of a m = 1 Mott background, consider a pair excitation with one
additional particle at site ¢ and another one at the neighboring site j, as sketched
in the upper left corner of Fig.[0-2h. This situation corresponds to the state

1ren
[Pigy) = 50161 {ni = 1}). (9.12)
Such a bond-centered or extended pair excitation at (ij) can tunnel coherently
to a neighboring bond, say (ik), where k # j is another neighbor of site i.
(Generally, bonds are considered neighbors if they share a common site.) Such
a pair tunneling process occurs in second order with respect to single-particle
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Figure 9.1: MI-SF transition for as/d = 0.15. Inside the darker shaded
region (enclosed by the black solid and the blue dashed line), the system is a
MI with 7 = 1 particles per site. Leaving this region by crossing the black solid
line, a simple SF of single particles or holes is formed. In contrast, crossing
the blue dashed line into the lighter shaded region, one enters a SF phase of
extended (bond-centered) pairs (ePSF), where no single-particle superfluidity
is present. In technical terms of our variational approaches: outside the shaded
regions (i.e., the Mott lobe if only single-particle/hole excitations are present)

the energy (9.10) is minimized by 6 # 0, and on the right of the blue dashed

line expression ([9.19)) is minimized by 6p # 0.

tunneling via the virtual, site-centered pair state

1 ~:n
PY= —bibf{n; =1 1
|Pi) \@bl i{ni=1}), (9.13)
which remains almost un-occupied due to its larger energy. According to second-
order degenerate perturbation theory, the amplitude of the pair tunneling pro-
cess is given by

ter = 63 5/(3Us - 2U3) . (9.14)

On the same footing, perturbation theory gives the binding energy of —2t.g
for the bond-centered pair due to number fluctuations within the pair (i.e.,
processes where a particle tunnels on top of its partner particle (with which it
is bound in a pair) and back to its initial site; such fluctuation processes do not
change the state but can reduce the energy).
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[}

Figure 9.2: Lattice geometries emerging due to different pair-hopping
processes. (a) Original square lattice. Excitations on top of a m = 1
Mott background (olive bullets) can lead to double-occupied (upper left, dark
blue bullets) and triple-occupied sites (“site-centered pairs;” lower right, orange
bullet). At strong interactions, correlated hopping can bind double-occupied
sites into bond-centered pairs (dark blue box). These move via second-order
processes teg (upper left; faint blue boxes denote the final state after tunneling).
This can give rise to (b) a checkerboard lattice where the bond-centered
pairs live. The bonds of (a) constitute the sites of this effective lattice (blue
boxes). Second-order tunneling connects the effective sites if the corresponding
bonds in the original lattice (a) share a site. (¢) Effective lattice for bound
pairs. At even stronger interactions, bond-centered and site-centered pairs
have similar energy, making them coexist. They can transform into one another
via single-particle tunneling tpair, as sketched in the lower right of (a). The
pairs then move on the decorated square lattice (c), where sites are marked by
blue boxes and orange bullets, and bonds by orange lines. (In this chapter we
study the three-dimensional cubic lattice, but generalizing the figures to that
case is straightforward.)

If the initial lattice of sites has cubic symmetry, the bond-centered pair
excitations live on an exotic lattice of coordination number 2’ = 10 that is a
generalization of the two-dimensional checkerboard (CB) lattice (see Fig.[9.2b)
to three dimensions. This allows the pair to reduce its energy by 10t.g when
delocalizing. Collecting these contributions, the bond-centered pair can gain
an energy of —(10 + 2)tesr. In contrast, two particles that do not form a pair
delocalize on the original cubic lattice (coordination number 6), which reduces
their energy by 2 x 6 x 2¢; 5.

Thus, according to perturbation theory, the formation of a bond-centered
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pair is favorable if
—(10 + 2)teq < —24t; 2, (9.15)

or, equivalently,
1
154> gt172(3U3 -2U3). (9.16)

For certain scattering lengths as, this condition can be fulfilled, since the Wannier-
broadening with increasing scattering lengths leads to an increase of both Us/Us
(thus bringing 3Us — 2U, closer) and t32/t12. Then, the creation of bond-
centered pairs is energetically more favorable than the creation of single-particle
excitations. If further the energy the pair excitations gain by delocalizing,
—10t.g, overcomes the cost to create them, 2(Us — p) — 2tog, they destabilize
the MI state. It is interesting to note that an equivalent scenario does not hap-
pen for hole excitations, since these decrease the occupation number and with
that the tunneling amplitudes.

To evaluate the boundary of the m = 1 MI phase, we construct a model for
the bond-centered pair excitations, which we can solve within Gutzwiller mean-
field theory (see Chapter [13.1). When the number of pairs is small compared
to the number of sites, the Hamiltonian for the pairs living on top of a m =1 MI
state can be written as

Hopair = ~ter > Dipyr +2(Us — po—teg) YL (9.17)
() 1

Here, [ = (ij) labels the bonds of the cubic lattice (olive lines in Fig. and
blue boxes in b), and (ll') denotes pairs of NNs of these bonds (in Fig. [9.2p:
the blue boxes connected by blue lines). In the effective Hamiltonian e
have defined the bosonic creation and destruction operators for bond-centered
pair excitations, [);r and p;, and the corresponding number operator n; = ﬁjﬁl. As
a consequence of the diluteness assumption, we have neglected the interaction
between pairs, which arises if pairs occupy neighboring bonds. Since the transi-
tion to a PSF will happen with the creation of a single pair, this approximation
will not influence the phase boundary.

The energy of a condensate of bond-centered pairs can now be estimated
in a similar fashion as Eq. by making a Gutzwiller-type product Ansatz
[1; |®ep)i, where we restrict the |®ep,); to superpositions of zero and one pair at
each bond,

[Pep )i = €OS Oep|0); + 8in Oep|1); . (9.18)

The order parameter of the pair condensate for this wave function is (p;) =
%Siﬂ(?@ep). According to this Ansatz, the variational mean-field energy per site
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" E Z’t T

3;‘; = _Te sin? 20, + 2(Us — teg — 1) sin? Oy (9.19)
where 2z’ = 10 is the coordination number of the three-dimensional CB lattice
(see Fig. . The mean-field approach gives the same phase boundary for the
appearance of a pair condensate as the perturbation-theory considerations of
the previous paragraph. The equivalence of both approaches is generally given
for an Ansatz like Eq. which includes only two states per site.

In Figure [9.1} we plot the results of the minimizations of Fs and E,, with
respect to 6 and 6.y, respectively, for as/d = 0.15. The part of the Mott phase
which is stable with respect to single-particle and hole excitations (characterized
by 6 = 0) is given by the interior of the black solid and dotted lines. On the
right of the blue dashed line, one finds a region where min[Ee,] < min[E] and
Oep # 0. Thus, here the system is characterized by () # 0 and (b;) =0, i.e., the
state is a SF of extended pairs (ePSF).

Condensates of extended pairs have also been proposed in the context of
dimer models of reduced dimensions which describe frustrated magnets like
SrCuy(BO3)s [499]. By approximating triplet excitations as hard-core bosons,
Bendjama, Kumar, and Mila [500] argue that in the presence of correlated
hopping these bosons can condense in pairs. Such pairing processes also bear
resemblance to molecular condensation due to Feshbach resonances in an optical
lattice [501].

At this point, we would like to point out that triple, quadruple, or higher-
order excitations do not play any important role. The effective tunneling matrix
element of such excitations will be very small since it appears in third- or higher-
order perturbation theory. Therefore, inside a m = 1 phase, triple and higher
excitations cannot lower their energy efficiently by delocalization. We can, thus,
exclude a SF of triples or higher-order objects.

However, there is another possible competitive scenario. Instead of exciting
a triple or quadruple, one can create a large cluster of extra particles, i.e., a
big spatial domain with doubly occupied sites. In this case, within each cluster,
the energy of the additional particles (on top of the @ = 1 Mott background) is
not lowered by delocalization, but rather by the effective attractive interaction
between them as it appears in second-order perturbation theory. In the bulk
of such a cluster, this gives a binding energy of —6te.g per extra particle. In
comparison, in the PSF, each particle can lower its energy by t.g because of
binding and by another 5t.¢ because of delocalization (i.e., Bose condensation),
which in total gives the same energy gain of —6te.y. Accordingly, in leading
order, a SF of bond-centered pairs on top of the 7 = 1 MI is equally favorable as




226 9. Bose—Hubbard model with occupation-dependent parameters

a state that is phase separated into spatial domains hosting MIs of filling 7 =1
and MIs of filling m = 2. As a consequence, we cannot reliably exclude phase
separation by means of simple variational arguments.

Finally, let us briefly discuss another issue: in this chapter, we are working
with a fixed chemical potential rather than with fixed particle number. This
approach is suitable for the description of experiments with ultracold atoms,
provided the atoms are trapped by a sufficiently shallow potential. In such a
situation, the local-density approximation applies and different regions in the
trap correspond to different values of the chemical potential. However, if the
trap is too steep for the local-density approximation to hold, it might introduce
new physics. Consider the following example. The phase-separated state de-
scribed in the preceding paragraph might not be favored in the homogeneous
system. But, because it is energetically very close to the PSF, it can be fa-
vored already when a slight potential difference is introduced, helping to form
n =2 Mott domains in the region of slightly lower potential energy. Such a sce-
nario can spoil the local-density approximation already for a very weak trapping
potential.

9.5 Superfluidity of local (site-centered) pairs

Increasing as/d further, site-centered pair excitations on top of the m = 1 Mott
background, described by |P;), Eq. (9.13), can become more favorable than the
bond-centered excitations described by |P(;)), Eq. (9.12). This occurs when the
ratio Us /U, is reduced enough, so that 3Us < 2Us, i.e., the energy to create a pair
of particles on the same site is smaller than the energy to create a pair of particles
on neighboring sites. Equation shows that such a situation is possible: in
the limit of large Vy » Ex and as/d, we can write A, (n)/Awo ~ (gni)*/®,
resulting in 3Us — 2U; ~ —0.02U.

Particularly interesting is the regime where bond- and site-centered pairs
have only a small energy difference, i.e., where |3Us — 2Us| is comparable to
or smaller than f3 5. In that case, a bond-centered pair |P<ij>) can transform
to a site-centered pair |P;) by a single-particle tunneling process, given by the
matrix element ¢y, = \/5t2,2. In this regime, the pairs occupy the lattice given
by both the sites and the bonds of the cubic lattice, which forms a decorated
square lattice (see Fig. ) By delocalizing on this lattice, a pair can reduce
its kinetic energy by 12t,,i,. The pair is stable towards breaking as long as this
energy is greater than what two non-paired particles can gain by delocalization,
which amounts to 24t; ». Thus, the pair is stable for t5 5 > \/3/_2151,2. The binding



9.5 Superfluidity of local (site-centered) pairs 227

mechanism of the pair is based solely on the delocalization of its center of mass.
The regime [3Us—2Us| ~ 0 is given, e.g., for as/d ~ 0.21 when V;/ER ~ 16. In that
case, the m = 1 MI becomes unstable with respect to this type of pair creation
when the delocalization energy 12t,,i. exceeds the energy 3Us — 21 needed for
the pair creation.

If the scattering length is increased further, such that 2Us — 3Us > t9 9,
site-centered pair excitations |P;) will be created rather than bond-centered
pairs |P;;)). The site-centered pair excitations can then tunnel from site to
site coherently via the occupation of a virtual bond-centered pair excitation. In
second-order perturbation theory, the corresponding tunneling matrix element
reads

, 35
tef'f =6 : =
2Us — 3Us
Additionally, the pair has a binding energy of 6t.4 (stemming from a small per-
turbative admixture of the 6 neighboring bond-centered pair states). Therefore,
a site-centered pair is more favorable than two single-particle excitations if

—teft - (920)

3Us — 12t 2 < 2(Usy — 12t1 5) . 9.21
eff ,

or, equivalently,
1
t5,> ﬁ(QUQ - 3U3) [24t1 5 — (2Uy - 3U3)] . (9.22)

If this condition is fulfilled, the MI becomes unstable towards the creation of
site-centered pairs rather than to the creation of single particles. Asin Sec. a
mean-field calculation leads to the same phase boundary. We plot the boundary
of the m = 1 Mott phase for as/d = 0.3 in Fig.[9.3] The instability towards the
creation of single particles is hardly important. It is predominantly the creation
of single holes or site-centered pairs of particles which destroys the Mott phase.

Similar site-centered pairs have been found in a variety of optical-lattice
systems. For example, in the limit of U; > t( 1, metastable repulsively-bound
pairs of ultracold bosons have been observed [502, [503]. Also, two-species mix-
tures of bosons with inter-species attraction have been shown to give rise to pair
superfluidity [504]. In the context of dipolar atoms in a two-leg ladder, when
no tunneling is present between the two legs, pair superfluidity arises due to
attraction between the dipolar atoms in different legs [505], 506]. Also, using
a state-dependent optical lattice, a correlated tunneling of on-site pairs can be
created, which gives rise to a PSF [507, [508]. In our present study, we find that
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Figure 9.3: MI-SF phase transition for a,/d = 0.3. Inside the darker shaded
region (enclosed by the black solid and the blue dashed line), the system is a
MI with m = 1 particles per site. Crossing the blue dashed line, one enters a
SF of local, site-centered pairs (PSF), and crossing the black solid line, a SF
of single holes. The black dotted line delimits the instability towards single
particle or hole excitations in the absence of occupation-dependent effects, and
the shaded regions mark the corresponding Mott lobe.

such local pairing can emerge simply due to the strong occupation-dependence
of tunneling and on-site interaction.

After having studied the phase boundaries of the m = 1 Mott state, we now
discuss the one with m = 2. In the limit of vanishing tunneling, this state is
favorable for Uy < p < 3Us — Us. The lower border of this interval is given
by the energy difference between filling a site with 2 or with 1 particles, and
the upper border by the energy difference between filling a site with 3 or 2
particles. However, the upper border can, in fact, become smaller than the
lower one, which is the case if 3Us — 2Uy < 0. Then, the 7 = 2 MI phase is
never stable with respect to the creation of particle-hole pairs, irrespective of
the tunneling strength; it ceases to exist. In the limit of vanishing tunneling,
the disappearance of the m = 2 MI coincides with the point where site-centered
pair excitations become more favorable than bond-centered ones.

Note that within the Gaussian approximation [9.5] the MI phases with higher
filling, m > 3, do not disappear, even for large interaction as/d. These phases do
not share the fate of the m = 2 MI, because the broadening of the Wannier-like
functions w in response to adding one particle to a site becomes less pronounced
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with increasing occupation,
UQ/U3ZU3/U4ZU4/U5Z... . (923)

However, for strong interaction, sites occupied by three and more particles suffer
strong dissipation due to three-body collisions [509} [510].

Since there is no 7 = 2 Mott phase for 3Us —2U; < 0, one might wonder what
else the system’s ground state is at fixed filling n = 2. At vanishing tunneling, the
ground state is highly degenerate; all Fock states are equal in energy where half
of all sites have occupation n; = 1 and the other half n; = 3. Alternatively, one
might say that on top of a m = 1 MI, half of the sites are occupied by additional
site-centered pairs in an arbitrary pattern. For small but finite hopping, this
degeneracy will be lifted. One might think of three possible scenarios: (i) the
pairs gather in one region in space; this corresponds to a phase segregation
between the 7 = 1 and the 7 = 3 Mott phases; (ii) the pairs delocalize to form a
SF; and (iii) the pairs form a CB-type insulator avoiding pairs on neighboring
sites.

In order to decide which of these will be the ground state, we consider an
effective Hamiltonian for the site-centered pairs,

ﬁpair = _tgﬁ Z éjéj + (t(,eff - D) Z ﬁf’ﬁ‘i - 2(2/’(’ - 6t‘,sﬁ)ﬁ;’ ) (924)
(i,3) (i) @
with bosonic pair annihilation and creation operators ¢;, éz, and where we as-
sume a hard-core constraint (61)2 = 0. The NN repulsion described by the last
term, where

t2
3,3
6U4 + U2 - 6U3 ’

stems from super-exchange processes between neighboring pairs.

Since these are hard-core bosons, this model can be mapped to a spin-1/2
XXZ model using the standard Holstein—Primakoff transformation . In that
case, the first term corresponds to the XX coupling, the second term to the ZZ
coupling, and the last one to a magnetic field. The XXZ model is well studied
(see, e.g., the book by Th. Giamarchi [74]). It can be solved using Bethe Ansatz
equations, from which we know that, since always (.4 — D) < t.4, the system
will neither form the CB pattern (iii) (corresponding to an antiferromagnetic
state of the XXZ magnet) nor show the phase segregation (i). The system forms
the SF of site centered pairs (ii).

D=2 (9.25)
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9.6 Weakly-interacting limit

Finally, we investigate the limit where interaction effects are important not
because of a large scattering length but because of large site occupation; i.e.,
as/d << 1, but the mean number of particles per site ng > 1. We assume small
on-site number fluctuations on < ng, i.e., \/Upn,/(notn,) < 1. Expanding the
occupation-dependent tunneling and on-site interactions in that limit, we
can rewrite the modified Hubbard Hamiltonian as
7:[ = _tng ZEI [1+a(5ﬁz+6ﬁj)] i)j
(i5)

Ung — - /s . .

5 ;ni(ni—l) [1+8-28(R;—1)] - phy, (9.26)

K2

+

where 57% = TALl —no,

3 /7 (W 1/4aS
- Walw) T 272
5/2 3/4
a = 17;\/5(;/(;) %S, and (9.27b)

2 2 NG 1/4
o o (T 1]exp A 1- T (&) %no . (9.27¢)
Vo 4 4V Egr 5 Egr d
Notably, the Hamiltonian (9.26]) shows some similarity to the quantum Ablo-
witz—Ladik model for ¢-deformed bosons [511], given by

N P . . 1 PN
Har == ) [BIBi + Bl B + > In(1-QB!B,)], (9.28)

K3

where Q = 1 - exp(-2v) and B; (Bj) creates (annihilates) a particle at site
. These operators fulfill the deformed-boson commutation relation [BZ,B:] =
exp (—27]\7}). In the limit of v - 0 and ~(N;) <« 1, the quantum Ablowitz—
Ladik model with the substitution B; — (1 —yéﬁi)fn reduces in first order
in v to the occupation-dependent modified Hubbard model with a = -,
w=1, and U,, = 0. In one and higher dimension, the Ablowitz—Ladik model
contains localized solutions [512] 513].

Inspired by this, we now investigate the possibility of localized solutions in
Hamiltonian (9.26). To do so, we first find the ground state in the SF limit,
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where one has the order parameter (b;) = \/ng. To look for fluctuations around
the ground state, we convert the Hamiltonian (9.26) to momentum space by
defining

b = Y bre kT, (9.29a)
k,d
e = 4 ) sin? 5 and (9.29b)
V=T,Y,z
k,d
T o= 4 00527. (9.29¢)

vV=x,Y,z

Neglecting correlations arising from the three-body interaction term Hamilto-
nian (9.26)), one arrives at the equation

2
? o Uno

7'[mod = _T + Z tno Eki)li)k (930)
k

U, apaara ~oa
+ 3 {”OT [1+8-28(no-1)]- atnonofyk} (26} by +BLDT, + brboy) -
k
This quadratic Hamiltonian can be diagonalized via a Bogoliubov transfor-
mation, which gives the excitation spectrum wy of the SF,

In
wp =12 €+ 2ty Ungno [1 +5-2B(ng-1) - 2aU ° ’yk] € - (9.31)

no

One can find dynamical instabilities by studying the normalized phonon velocity
Uph, Which is obtained in the limit k — 0 of wy, via wg/\/2tn,Unyno = Upn|k|d. In
a cubic lattice,

Uph = \/[1*'/3—25(”0—1)] ‘2‘15&70' (9.32)

In the non-interacting limit, this expression tends towards 1. In Fig.[9.4] we plot
the phonon velocity vy, as a function of the filling fraction ng for as/d = 0.01.
Initially, the phonon velocity increases with increasing ng. Due to the attractive
effect of the occupation-dependent tunneling term, however, the phonon velocity
starts decreasing for higher ng, until it becomes imaginary for some critical ng.
This results in a dynamical instability of the SF [as long as we are within the
limit %#ng < 1, which was a crucial ingredient for deriving Hamiltonian ]
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2f | Figure 9.4: Phonon velocity
vph as a function of the SF
occupation number ng (for
as/d = 0.01 and Vy/Erec = 10).
After a critical occupation num-
17 | ber, the phonon velocity be-
comes imaginary, marking a dy-
namical instability.
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To understand the nature of this instability, we make a transition from the
discrete Hubbard model to a continuous model with a continuous field ¢(r),
applicable for kd « 1,

ﬁcont:—/d3r¢*(r)v2¢(r)+gfd3rd3r’mﬁ(r—r’)|¢(r)|2|¢(r’)|2. (9.33)

Here, the distance is expressed with respect to the lattice constant d, and the
effective interaction potential is given by

128
Vg(r—¢') =FT~ [1+ﬂ—ﬁ(no—1)—2aU° yk] . (9.34)
no
where FT™! stands for the inverse Fourier transform.
Using an Ansatz wave-function that is Gaussian along one direction, say
z, and uniform in the other directions, ¢(r) = 1/m/*AY? exp(-22/2A2), the
energy functional for the self-trapped state reads

1 U, 2, _2\1 1
Eal=—+—"2 [148-28(ng-1)—a=20 5+ 37 )| —. 9.35
X 148280 ) —ae (5e )| -0 (039

When ng exceeds a critical density, Fy, is minimized for a finite width A, > 1
(instead of Ag = 00). Thus, the homogeneous SF becomes dynamically unstable
towards a state which is localized only in one direction and uniform in the other
two, forming a 2D slabE|

2We found that instabilities which are additionally localized in one or both of the other two
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9.7 Summary

To summarize this chapter, we have analyzed how the results of an AQS for
the Bose-Hubbard model, consisting of ultracold atoms in an optical lattice,
are modified in the regime of strong interactions. In particular, to describe
interaction-induced band mixing, we have derived a modified bosonic Hubbard
model with occupation-dependent parameters. This model comprises an effec-
tive interaction-induced broadening of the Wannier-like single-particle orbitals,
and, thus, captures also the situation when the s-wave scattering length becomes
comparable to the lattice spacing, as/d — 1.

Using this model, we have shown for specific, experimentally relevant pa-
rameter values that the » = 1 MI state can become unstable towards a SF which
consists of bond-centered pair excitations. This scenario is novel, since the pairs
emerge due to the occupation dependence of tunneling strength and on-site in-
teraction. For even higher interaction, the nature of the SF pair excitations
that destroy the MI changes. The pairs can now occupy both the sites or bonds
(i.e., two neighboring sites) of the lattice; in that way, a decorated square lattice
emerges. Increasing the interaction further, eventually the pairs live only on the
sites of the lattice. In this regime, the entire 7 = 2 Mott phase is destabilized by
the site-centered pair fluctuations. It is fascinating to observe the emergence of
exotic lattice geometries as a consequence of pair creation.

We have also investigated the regime where interaction-induced Wannier-
broadening arises from large filling 7 > 1 at small scattering lengths, as; <
d. In this limit, we found that the SF becomes dynamically unstable due to
the attractive nature of the occupation-dependent tunneling. The system then
transforms from a uniform SF state to an asymmetric state which is localized
in one direction and extended in the other two.

To connect to experiment in a more quantitative fashion, one could consider
extensions in various directions, such as a more accurate determination of the
number dependence of the Hubbard parameters ¢, ,, and U,,. Further, it
would also be worth studying in detail the role of a trapping potential as it
is present in experiments. Finally, to judge the robustness of the ground-state
phase diagram, it would be interesting to characterize the role of dissipation,
which can be expected to be enhanced by strong interactions.

directions have a higher energy. They can only become lower in energy for (unrealistically)
high interactions.
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Chapter 10

Dipolar molecules in optical
lattices revisited

In the previous chapter, we saw that the simple Bose—Hubbard model
describing ultracold atoms in optical lattices has to be modified in the regime
of strong on-site interactions. In a similar vein, the presence of strong dipolar
interactions between ultracold molecules makes it necessary to include novel
occupation-dependent-tunneling and pair-tunneling processes, which have typ-
ically been neglected. As we show in this chapter, these terms can change the
conventionally accepted phase diagram of dipolar bosonic molecules in optical
lattices, and destroy for example checkerboard (CB) phases in favor of pair-
superfluids (PSFs).

10.1 Description of the system

As discussed in Chapter [2.1] in the simplest case, ultracold atoms in optical
lattices are well described by the Bose-Hubbard model , where the phase
diagram is determined by the interplay of only two parameters: a tunneling ¢t and
an on-site interaction U. A natural extension of the Bose-Hubbard model comes
from including long-range interactions between the particles, such as discussed
in Chapter[7] In recent years, experiments on ultracold polar molecules have re-
newed interest in such extended Bose-Hubbard models [514H517]. Because of the
strong electric dipole moment of polar molecules, long-range interactions play a
crucial role in the collective behavior of the system, leading to the appearance
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of novel ground states, such as various structured insulating states, supersolids,
Wigner crystals, pair-supersolids, and more [167), 389, 505} 506), H18-520].

In this chapter, we study dipolar molecules in a 2D square optical lattice with
a harmonic trapping along the polarization direction of the dipoles. We derive a
modified Bose-Hubbard model which includes additional occupation-dependent
nearest-neighbor (NN) hopping processes arising from long-range dipolar inter-
actions in the lowest Bloch band. Usually, interaction-induced hopping terms
are neglected when discussing dipolar bosonic molecules. Here, we show that
these terms considerably change the physics of dipolar soft-core bosons. Such
soft-core bosons in square and one-dimensional lattices have been discussed in
the literature within the extended Hubbard model, focusing on the presence of
stable supersolidity [387, [52I]. In these systems, in the usual case with only
NN interaction and at sufficient dipolar strength, the ground states at half- and
unit-filling are CB insulating states. Here, we show that interaction-induced
hopping can destroy these CB states at large dipole moments. To illustrate
this, we study a one-dimensional extended Hubbard model including the novel
occupation-dependent hopping processes, using exact diagonalization (ED) and
the multiscale entanglement-renormalization Ansatz (MERA). We find that,
with increasing dipolar interaction, the system enters from the CB phase to a
novel state which has one-particle SF and PSF properties. In particular, we
find a region where these coexists. In this region, the SF order parameter has
alternating sign at consecutive sites.

The rest of this chapter is organized as follows. First, we derive the ex-
tended Hubbard model describing dipolar molecules in optical lattices, where
we emphasize the appearance of two additional terms for large dipolar inter-
actions (Sec. . Then, we discuss how these additional terms change the
phase diagram of the extended Hubbard model (Sec. [10.3), using ED at fixed
filling (Sec. [10.3.1)), as well as MERA and ED in the grand-canonical ensemble
(Sec. better contact to experiment, we discuss in Sec. the
phase diagram for the same model but with the full long-range part of dipolar

interactions taken into account. In Sec.[10.4] finally, we give a summary of this
chapter. The results presented in this chapter have been published in Ref. [522].



10.2 Bose—Hubbard physics for strong dipole moment 237

electric V P
field‘o 260 @ &P oo
t .“ o S oS el 0 L@
’CI (;oo ) ol g l & Sl @5
O pP-o S OSSOSO

- 5-9 0 S5-AE-5-5

2) @ L LT D) aemoms S
(Q'. O e )cec erboar C) pair-superflui

Figure 10.1: The system. Bosonic molecules (red bullets) with dipole moment
p are polarized by an electric field (sketched in the upper-leftmost molecule).
An external potential (characterized by the dimensionless parameter x) con-
fines the molecules to the zy plane, where they live on a square optical lattice.
The effective Bose-Hubbard model consists of five terms, sketched in panel
(a): well known are the terms of the extended Bose-Hubbard model, colored
in green, the NN tunneling ¢, the on-site interaction U, and the NN repulsion
V; for strong p, new terms become important (blue), namely, pair tunnel-
ing P and in particular correlated hopping Q. (a-c) Illustrations of the
states occurring from low to large p (at approximately half filling and
for the parameters given in the text). (a) At low p, single-particle tunneling ¢
dominates, and the system has superfluid long-range order (LRO) and density
short-range order. (b) Increasing p, the repulsion V' suppresses tunneling and
leads to density-LRO — the system is a checkerboard insulator. (c) At large p,
V still suppresses single-particle hopping but the correlated hopping @ allows
the particles to tunnel if they are bound into pairs — the system is a pair-SF.
This phase is entirely due to the previously neglected term Q.

10.2 Bose—Hubbard physics for strong dipole mo-
ment

Our system consists of dipolar bosons polarized by an external electric field
along the z direction and confined in a square optical lattice, as illustrated in
Fig.[10.1] The corresponding Hamiltonian reads

2

A .
Mo v2+ Viat (1) [ ()

H = fd3r Ut (r) [—

v %f [ @ ¥ @) o - YD), (10.)
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where W (r) (\il(r)) are the creation (annihilation) field operators for bosonic
molecules of mass M,,,. The external lattice potential

2 2
Viae (1) = Vo (sin2 Tﬂ-z + sin? Tﬂy) + Mo Q2222 (10.2)

of lattice depth Vj is generated by a laser field of wave-length A, and an addi-
tional external harmonic potential in z direction, the strength of which is charac-
terized by €2,. The dipole-dipole interaction is denoted by Vit (7). Throughout
this chapter, we measure all lengths in units of the laser wave length A and
all energies in recoil energies Er = 2m2h%/(MmaiA?). Accordingly, we define
the dimensionless parameter x = h{),/2FR characterizing the confinement in z
direction.

Generalizing the derivations in Chapter [2.I] to strong dipolar interactions,
we now compute the lowest-band extended Bose—-Hubbard model effectively gov-
erning the physics at not too small lattice depths. For this purpose, we first find
the lowest Bloch band for a single particle moving in the potential Vi, (r), and
construct the (exact) corresponding Wannier functions w? (x,y)e”‘””z2 localized
at site i [523]. By expanding the field operator ¥(r) = ¥, wi(a:,y)e"‘zg/2 b; in
the corresponding basis, and by restricting ourselves to on-site and NN terms,
we arrive at the extended Bose-Hubbard model

7‘1 =—1 Z ZA)IIA)J + % Zﬁz(ﬁz - 1) + Z [VTALl’IAlJ - QEI (ﬁz + ﬁj) Ej + géjéil}]i)j] R
(i5) i (i5)

(10.3)
where b, (IA)I) annihilates (creates) a particle on lattice site i, n; = BIBZ is the
corresponding density operator, and angle brackets denote NN bonds.

The standard tunneling coefficient is denoted by ¢, U is the on-site inter-
action, and V is the NN interaction arising from a truncation of the dipolar
interactions to the dominating NN term. These are the terms which have been
typically taken into account in the literature to describe molecules with perma-
nent dipole moment in optical lattices (green terms in Fig. )

Strong dipole moments render two additional terms in Hamiltonian ([10.3])
important which typically have been neglected (purple terms in Fig.
The term proportional to @ describes one-particle tunneling induced by the
occupation of a neighboring site, and the term proportional to P is responsible
for NN pair tunneling [5244526]. Explicitly, the correlated hopping @ and the
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pair-hopping P read
Q= f f Brd®rw? (z,y)e ™ Vi (r - v )wi (2, y )w; (', y))e ™™, (10.4a)
1 —kz2 —kz'?
pP= 3 f / CPrd®r'w;(z, y)w; (z,y)e it (7 =P w; (2", y w; (', y e .
(10.4b)

These terms can become important if Viy (7 —7') is strong for NNs (and if there
is a finite overlap of the Wannier functions).

The matrix elements U, V, @, and P are given by a sum of dipolar and
d0-like contact interactions

\2
Vint(r—r'):gé(g)(r—'r')Jr'y( ! - —3(2_2) ) (10.5)
r—rP 7P
Here, we defined the dimensionless coupling constants describing contact and
dipolar interaction, g = 1672a,/\ and v = Muap?/(h%co)) (where a, is the s-
wave scattering length, ¢ is the vacuum permittivity, and p is the electric dipole
moment of the bosons).

10.3 The phase diagram at strong dipole moment

To compute the ground-state phase diagram for a concrete example, we consider
ultracold dipolar molecules with a mass of My, = 220a.m.u and confined in an
optical lattice of lattice depth Vi = 6ER and wave length A = 790nm (this is
the value relevant for RbCs, which has a strong dipole moment [527]). For the
s-wave scattering length of the molecules, we assume ag ~ 100ag, where ag is
the Bohr radius. For these parameters, g ~ 1.06 is approximately constant. We
consider dipole moments p up to ~3D (v up to ~ 470), which can be achievable
for molecules like bosonic RbCs or KLi [528].

To illustrate the relative strengths of the different parameters, we compare
in Fig. at fixed + = 52 the tunneling ¢ with the dipolar contribution to the
parameters U, V, @, and P (we denote the dipolar contribution by the subscript
D)E| The strength and sign of Up can be tuned by changing x: a small x allows

IThe contact interactions alone typically do not give rise to appreciable correlated tunnel-
ing due to the small Wannier overlap between neighboring sites, see also last paragraph of
Chapter

2The chosen ~ corresponds to p = 1D. Note that, by virtue of Eq. , the plotted
dipolar contributions scale linearly with .
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Figure 10.2: Dependence of the model parameters on the z-
confinement k. Plotted is (for Vo = 6Er and v = 52) the contribution of
the dipolar interactions (subscript D) to (a) the usual terms of the extended
Bose-Hubbard model U and V, and (b) the novel terms @ and P. For the
chosen parameters, @) and P are one order of magnitude smaller than V| but
they can dominate for large . The interaction-induced tunneling @) can have
opposite sign to ¢, thus opening the possibility of counteracting the effect of t.

the molecules to explore the region within a lattice site where they are aligned
on top of each other, where the dipolar interaction is attractive; a large x does
not permit this, and therefore the molecules predominantly feel the repulsive
part of the dipolar interactions. For the parameters chosen, Qp and Pp are
one order of magnitude smaller than Vp. On the other hand, Qp can dominate
over t for large . In addition, Qp and ¢ can have opposite sign, as seen in Fig.
110.2

For concreteness, we work in the following at the z-confinement parameter
x = 1.95, making (additionally to ¢) the on-site interaction U almost independent
of the dipole moment (Up ~ 0). In this case, for large enough v, we expect that
with increasing p the parameters V, @), and P determine the system properties.
In the following, we illustrate the effect of the novel terms on the example of a
1D chain of N lattice sites with periodic boundary conditions.

10.3.1 Exact diagonalization at half-filling

To get a first understanding of the system, we compute the ground state |¢)(p))
as a function of the dipole moment p using ED of a half-filled system with IV =8
sites. The results are presented in Fig. [I0.3] along with calculations for N =12
and 16 to check for system-size dependence.

Without the occupation-dependent tunneling terms Q and P, we observe the
usual scenario with only two phases, a single-particle SF and a CB phase (as
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sketched in Fig. and b). The transition happens at p ~ 0.4D. It is marked
by an increase of the contribution of the checkerboard states to the ground state
to almost 100% (dotted line in Fig. [10.3p). Also, the one-particle correlation
function ¢; = ¥; NNofi(I;;[l;i) almost vanishes, indicating the transition to an
insulating state (dotted line in Fig. [10.3p). The transition occurs in the half-
filled system because for large enough V' the particles can decrease their energy
by avoiding every second site. If we neglect @@ and P, the situation will not
change by further increasing p, since this only increases V' even more.

However, the situation changes significantly when we take into account the
density-induced tunneling @) and the pair tunneling P. In this case, for p ~ 1.1 D,
a second phase transition occurs, destroying the CB order. Previous studies
have completely neglected such a possible destruction of CB order at large p.
At the transition, the contribution of the CB state to the ground state decreases
rapidly (solid line in Fig.[10.3p), and the one-particle as well as the two-particle
NN correlation function ®; = ¥, xn sz(i)jéji)zéz) (solid and dashed-dotted lines
in Fig.[10.3p) attain finite positive values, indicating that the new phase shows
single-particle as well as pair superfluidity. To understand which of the terms
is responsible for this PSF, we also studied the effects of @ and P alone (not
shown). From these artificial cases, we found that PSF is mainly generated due
to the correlated tunneling term @ (in interplay with the NN interaction V'),
and not as one might expect due to the pair-tunneling term P. In this PSF
region, we also find that the correlation function (IA);fIA)Z) for |i — j| < 6 decays
slowly with alternating sign at consecutive sites. This suggests the appearance
of some antiferromagnetic (AFM) order due to the positive hopping Q. For even
larger electric moments (p ~ 1.5D), a third phase transition occurs, where ¢;
changes sign and ®; increases strongly, indicating another PSF phase.

The appearance of pair superfluidity has previously been predicted in bi-
layer dipolar systems where the particles are bound by an attractive interaction
between the layers [505H507], although in these systems the state is a true PSF
as ®; # 0, whereas ¢; = 0. In the present system, the pairs are created due
to the occupation-dependent tunneling terms in Hamiltonian (similar to
Chapter @, in spite of repulsive interactions.

We also note that for very low dipolar strength ®; has a small nonzero value,
irrespective of the presence of @ and P, as seen in Fig. [10.3p. This behavior
can be traced back to second-order processes due to t, which can also give rise
to pair correlations at small distances and with small magnitude.

To confirm that the observed transitions are indeed quantum phase transi-
tions (QPTs), we compute — for different chain lengths N — the ground-state
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Figure 10.3: ED for a half-filled system. (a) Contribution of the
checkerboard (CB) states to the ground state for N = 8. Finite () and P
destroy the CB state at large p (solid line), while neglecting ) and P predicts
that the CB state remains the ground state (dotted line). (b) One-particle
and two-particle correlation functions ¢; and ®;. Neglecting @ and P,
¢i goes to zero after the transition SF-CB (dotted line). When Q, P # 0, ¢;
(solid line) and ®; (dash-dotted) attain finite values, indicating the coexistence
of one- and two-particle superfluidity. The sign change of ¢; is a consequence
of the dominance of the (positive) correlated hopping Q. (c) Fidelity sus-
ceptibility x at half-filling. Three distinct peaks, increasing with system size,
suggest QPTs, from SF to CB, from CB to an intermediate phase, and finally
to a pair-SF. (d) Structure-factor S(q)/N at half filling for N = 16. After
the point where x attains its first peak, the dominant structure factor is at
the CB ordering vector ¢ = 7. Between the second and third peak of x, the
dominant ¢ changes stepwise. It reaches g = /2 at the third peak, indicating
that the particles are in a structure with larger period than in the CB state.
Large contributions from other ordering vectors suggest that the order is only
over short range.
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fidelity susceptibility [529H531]. It is defined equivalently to Eq. (7.23)), but now
with p as the control parameter,

_ 1@ [ 0+ 0p)’
= 57 )
Divergences in x are efficient indicators of QPTs. In Fig. [I0.3k, we present
x(p) for different chain sizes. There are three clear peaks located at the QPTs
found from the correlation functions (as presented in Fig.[10.3p). The positions
of the transition points do not significantly depend on the number of sites,
especially for the first and third one, which correspond to the transition from
single-particle SF to CB and the transition between the two types of PSF,
respectively. The middle peak in Fig. refers to the transition from the
CB to the AFM SF. The magnitude of the fidelity susceptibility at all three
transitions increases with chain length, which suggests that the transitions will
survive in the thermodynamic limit.

Additional insight into the properties of the observed phases comes from the
static structure factor, which in this context is defined asE|

x(p) (10.6)

_i o iq(G=k) ((5 .7, — (7. \H
5@ = _;16 ((Afe) = (R ) (k) (10.7)

with ¢ = 2rm/N, and 0 < m < N -1 integer. A peak in the structure factor at
finite momentum points towards the presence of periodic density modulation in
the system.

In Fig. [10.3{, we present S(g)/N for a half-filled system with N = 16 sites. In
the CB phase (between the first and second peak of the fidelity susceptibility x),
the dominant peak of S(g) is at ¢ = 7, and its magnitude is almost independent
of system size. Above the third peak of x, the system is in a phase where ¢; has
an inverted sign and ®; is large. Here, states dominate where bosons occur in
pairs (their contribution to the ground state is about 95%). Since, due to the
dipolar interactions, boson pairs do not occupy neighboring sites, the system has
some local structure, leading to a predominant structure-factor peak at ¢ = 7.
The intermediate phase (between the second and third peak of x) has interesting
properties: the ground state of the finite system deforms its structure stepwise,
changing the dominant ¢ from 7 to 7/2 by one quantum Ag = 27/N at a time.
For N = 16, this leads to three changes in the dominant ¢. Since in an infinite
system ¢ can take every value between 0 and 27, we expect in large chains a
continuous change from the CB (g = 7) to the two-particle SF (¢ = 7/2).

38ee also Eq. ([7.25)), where we introduced it for hard-core bosons in terms of spin language.
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Figure 10.4: ED phase diagram (a) without and (b) with additional
terms @@ and P. To visualize the phase diagram, the color scale encodes a
weighted sum of the correlations ¢; and ®;. (a) Neglecting @ and P, at large
p and p the system is always in an insulating phase and the average number
of particles is a multiple of 1/2. CB (CB3) denotes the checkerboard phase
where sites with 0 and 1 (2) particles alternate. (b) Including the new terms,
the insulating phases are replaced by a PSF for large enough p. We truncate
the Hilbert space at a maximal occupation of 4 particles per site, and exclude
data points where the occupation becomes too high (white region).

10.3.2 Grand-canonical phase diagram

In a realistic ultracold atom QS, a trapping potential is used to confine the
atoms, resulting in a changing atom density across the trap. If the trapping
potential changes slowly, one can invoke the local-density approximation, which
assigns to each site a local chemical potential. Then, one can directly translate
results obtained in the grand-canonical ensemble to the in-trap situation: a ra-
dial cut through the trapping potential corresponds to a line of varying chemical
potential in the grand-canonical phase diagram.

In Fig. we present the grand-canonical phase diagram for ED calcu-
lations of 4 sites with occupation truncated at 4 particles per siteﬁ In the
conventional phase diagram which occurs if one sets @ = P = 0 (Fig. ), the
system is SF at small 4/U and at low p, while it is always insulating at large
p. When the additional terms @ and P are included, a large p destroys the CB
phase, making place for a PSF (Fig.[10.4p). These three main phases —SF, CB,
PSF — are sketched in Fig. [10.1]

4This cut-off can be justified by the non-linear increase of interaction energy with site-
occupation, see Chapter m
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Figure 10.5: MERA phase diagram including the additional terms
and P. (a) Occupation, constant in CB phases. (b) SF order parameter.
(c) PSF order parameter. (d) NN density correlations. The MERA
data (averaged over the chain) with refinement parameter m, = 8 for N = 128
reveal that checkerboard (CB and CBs) order is replaced, due to the novel
terms, by a pair-superfluid (PSF). SF denotes a normal superfluid also found
in the model with Q = P = 0. SF’ is a superfluid with very small NN density
correlations, implying that it has supersolid-like properties.

ED can only solve small systems. To get information about large systems,
we compute the phase diagram within MERA [532] 533]. The MERA is a
quasi-exact variational method that consists in postulating a specific, layered
tensor-network structure for the low-energy states of a given Hamiltonian, which
in particular yields good results in critical phases, where other methods such as
DMRG are very costly [532, [533]. In Chapter we explain the method and
the particular tensor-network structure that we used.

Our results are presented in Figs. [I0.5h-d, where we show, averaged over the
chain, the occupation (7;), the SF order parameter (b;), the PSF order param-
eter (ZA)llA)Z), and NN density—density correlations (f;7;41). The phase diagram
extracted from these observables is indicated in Fig.[I0.5h. At low p, there is a
single-particle SF, which for not too small i gives way to CB phases at increas-
ing p. For higher u, we get a CB with two particles in the filled site (CB5 phase),
which is possible due to the low on-site repulsion U. Increasing p further, the
system undergoes a transition to another SF phase, where initially (for a range
of ~ 0.2D) one-particle superfluidity dominates (similar to the ED results), and
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afterwards pair superfluidity. At a few points in the PSF region, we also checked
that the SF correlations have an alternating sign as a function of distance, as
seen in the ED calculations. This reinforces the assumption that the PSF phase
has AFM behavior due to the positive sign of ). As our numerical calculations
are carried out in one dimension, the various SF correlations decay as a power
law with distance.

Additionally, at low u, we find a phase (SF’) which has SF order (i.e., a finite
(lA)Z)) but where NN density—density correlations almost vanish. Hence, it has a
local structure where sites with high and low occupation alternate, reminding
of CB order. We checked that this phase is not due to phase separation. Such a
coexistence of a finite SF order parameter with CB order (if it is of long range)
implies supersolidity. This is remarkable, because in the usual extended Bose—
Hubbard model with soft-core interactions stable supersolidity appears only at
the particle-doped region of the CB phase [387, [521].

The main result of this analysis is that — as already indicated by ED — the
new terms ) and P drastically change the phase diagram, destroying CB order
in favor of PSF phases. Hence, these terms cannot be neglected when describing
QS experiments of ultracold molecules with strong dipole moments.

10.3.3 ED at half-filling for full long-range interactions

To make better contact with experiment, we now examine the disappearance of
the CB pattern when the full dipolar interactions are taken into account, i.e.,
we replace the NN interaction term in Hamiltonian (10.3]) with

Z Viing >

10.8
th j |3 ( )
where now we sum over all pairs of sites ¢ and j.

Using ED at half-filling for N = 16 (see Fig. [10.6), we find that qualita-
tively the phase diagram does not change much with respect to our previous
calculations with the simplified Hamiltonian (see Fig. |1 ) When the
occupation-induced tunneling terms () and P are neglected, the CB phase re-
mains stable for arbitrarily large p (Fig. [10.6p). In contrast, when taking into
account the tunneling terms @ and P, it disappears, making way for a PSF
phase (Fig. [10.6p). This happens even at smaller p than when truncating the
interactions at NNs. Namely, the PSF phase appears for p > 0.7D. Also in this
situation, we have checked that counter-intuitively PSF arises predominantly
due to the correlated tunneling @, not the pair-tunneling P as one might ex-
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Figure 10.6: Half-filled system with full dipolar interactions (ED with
N =16). The one-particle and two-particle correlation functions ¢; (solid line)
and ®; (dotted line) behave qualitatively similar to a system with interactions
truncated at NNs (Fig. . (a) Neglecting @ and P, the system is always
in a CB phase for large enough p (¢; = ®; =0). (b) Including @ and P, the
large ®; and negative ¢; indicate the break down of the CB phase to a PSF.

pect. Without this term, the PSF phase can not be reached for reasonable
electric moments.

We also note that in Fig. there is a kink in ¢; around p ~ 0.5D. This
kink corresponds to the appearance of a crystal-like phase with modulation
[...200100200100...), which may be an indication for a novel phase.

10.4 Summary

In summary, we have shown how the extended Bose-Hubbard model describing
ultracold polar molecules in an optical lattice has to be modified at strong
dipolar interactions.

In that regime, occupation-dependent- and pair-tunneling terms can no
longer be neglected. Based on ED and MERA, we calculated for a specific
choice of optical-lattice parameters how these additional terms destroy insu-
lating CB phases for sufficiently large electric moments p, leading to a novel
pair-SF phase. MERA results suggest also that a supersolid phase could appear
for 1/2 filling even in the hole-doped case. Our calculations are based on realistic
parameters, experimentally achievable in the near future. Hence, these modi-
fications to the extended Bose—-Hubbard model have to be taken into account
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in future quantum-simulation experiments using ultracold polar molecules, and
they may even allow to access novel phases.



Chapter 11

Robustness of quantum
simulators against disorder

In the previous two chapters, we discussed terms in model Hamiltonians that
have typically been disregarded but which can change the response of an ana-
log quantum simulator (AQS) in certain parameter regimes. In this chapter,
we turn to another type of error that can compromise the results of an AQS,
namely statistical errors. This analysis serves to substantiate our discussion
from Chapter [I] concerning the reliability of AQSs and its relationship to the
complexity /efficiency of the simulation.

For this, we study the statics and dynamics of a generic example, the quan-
tum Ising chain, where for simplicity we assume quenched disorder as the only
possible imperfection. In the future, it will be in particular interesting to also
investigate the effects of dynamical noise, and the decoherence and relaxation
that occurs due to coupling with an environment. Concerning statics, we explore
how disorder affects the universal behavior around the second-order quantum
phase transition (QPT) of the transverse Ising model. In general, the regions
around QPTs are both the most interesting and most sensitive parts of quan-
tum phase diagrams. Here, we show that the expectation values of certain local
observables appear fairly robust under disorder, while this need not be true
for the global many-body state of the AQS. In particular, disorder can have
a significant, effect on relevant quantities describing the behavior of the model
near the QPT, such as critical points and exponents [534], or — if the system
is described by a conformal field theory — its central charge [434]. Further, we
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briefly address the relationship between robustness and complexity by studying
the dynamics of different thermal states after a quench of the Hamiltonian. Our
results suggest that AQSs appear to work better in regimes that are classically
easier to solve or simulate (high-temperature states, large distance to QPTs),
thus hinting at a connection between the amount of quantum correlations and
the robustness of an AQS.

The rest of this chapter is organized as follows. In Sec. we introduce
the model system, which we analyze in detail in the rest of the chapter. Sec-
tion [I1.2]is concerned with its static ground-state properties, while we discuss
its dynamical behavior in Sec. [11.3] The presented results, together with the
general considerations of Chapter [1, have been published in Ref. [61] (see also
Ref. [62]).

11.1 The transverse Ising model — an exactly solv-
able model

To illustrate the influence of disorder on an AQS, we study the example of a
paradigmatic model, the transverse Ising chain

H=-3 Jijolol - hiof, (11.1)
(i) i

where o"* are the usual Pauli spin matrices and 2.(ij) eans sum over nearest
neighbors (NNs). The system is subject to quenched disorder in both the inter-
action and field terms. We denote the NN spin coupling and the transverse field
by Jij = JJ(1+rdJ;;) and h; = h(1 +rdh;), respectively, where §.J;; and oh; are
independent random variables with a Gaussian distribution of mean zero and
variance r.

The transverse Ising model, even under the presence of disorder, is efficiently
solvable — by which we mean that the eigenstates and eigenenergies of the system
can be found using a classical computer, and that the cost of the algorithms (in
time and hardware) is polynomial with the size (number of particles) of the
system. The transverse Ising model, in particular, can be solved by using a
Jordan—Wigner transformation to a system of non-interacting fermions — and
the cost of solving the non-interacting fermion system is the cost of diagonalizing
a matrix with rank equal to twice the number of spins in the chain [535] (see
Chapter. While such a solvable model, per se, is not of interest for quantum
simulation, it can be expected that general properties, such as the influence of
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disorder on second-order phase transitions, are valid in a broader class of models
that share the main characteristics of the transverse Ising model, such as being
integrable or having a QPT of second order.

The transverse Ising model is well studied, since as early as the 1960’s [536].
For low fields, the ground state is a ferromagnet, while for large fields it is a
paramagnet. At zero temperature and disorder, the system undergoes a QPT
when the dimensionless control parameter A = h/J approaches the critical value,
Ac =1, i.e., when the field intensity equals the interaction strength.

The influence of disorder can have dramatic effects on this phase diagram:
imperfections can create new phases, or even destroy the ones we want to in-
vestigate. Indeed, in the transverse Ising model when the disorder strength
is comparable with the interactions, the critical point disappears and is re-
placed by a so called Griffiths phase [103], which extends across a region of
size proportional to the disorder strength. Even more, in this Griffiths phase
observables become non-self-averaging, i.e., fluctuations increase with system
size, and hence dominate the thermodynamic limit. In this study, we consider
small disorder strengths, which allows us to ignore the Griffiths phase, espe-
cially in finite-size systems. Moreover, a state-of-the-art AQS can achieve very
low levels of disorder, whence this is the experimentally relevant regime. Note
that while the transverse Ising model has been studied extensively in the limit
of large disorder [537] there are few studies addressing directly the influence of
small disorder on the universal properties near QPTs. However, it is well known
that even small disorder can lead to novel quantum phases such as Bose [538] or
Fermi [539] glasses (see also the section on disorder in the review by Lewenstein
et al. [379] and references therein). In the following, we analyze the robustness
of relevant observables to disorder in static and dynamic situations.

11.2 Influence of disorder on quantum simulation
of statics

First, we investigate static properties of the AQS and their robustness to dis-
order, where we focus especially on the interesting region around the QPT.
A description for solving the transverse Ising model using the Jordan—Wigner
transform and a derivation of the observables can be found in Chapter [12:3] As
is usual in the presence of statistical errors, we average all analyzed quantities
over many realizations of disorder.
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Figure 11.1: Influence of quenched dis-
order on the static simulator fidelity,
for a chain of 400 spins and disorder level
r = 0.1 (averaged over 5000 realizations of
disorder). Local fidelities (fi and f2) are
more robust than the total simulator fi-
delity F', which gives hope that local quan-
tities can be reliable even if disorder dete-
riorates the overall ground state. As ex-
L e s e e s pected, disorder has more severe effects
0.9 1 A 11 close to the QPT.
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11.2.1 Simulator fidelities

One can quantify how the results of the AQS degrade due to disorder using the
simulator fidelity, see Eq. (12.12). For pure states, we define it as the overlap
between the state obtained with a perturbed simulator, |¥,.(A)), and the ideal
state |Up(N)),

F(r,A) = (B (V)I%, (V). (11.2)

Although we define the simulator fidelity for any possible target state, we focus
on the ground state.

As Fig. [I1.9] shows, this overlap is considerably suppressed near the QPT,
reaching values as low as 55% (for r = 0.1 in a chain of L = 400 sites). When
scaling to larger systems, F'(r, \) will typically vanish exponentially fast, simply
due to the exponential growth of the dimension of the Hilbert space (a kind of
“orthogonality catastrophe”). In a universal quantum computation, the fidelity
would have to be very close to 1 for the quantum computer to work fault-
tolerantly. However, QSs have the advantage that we do not necessarily demand
of the entire state to be robust. Often, it is enough if we can distinguish the
relevant phases by measuring faithfully local observables (local in the quantum
information sense that few sites are involved, although they may be physically
far apart).

To quantify the robustness of local observables, we investigate the single-
site fidelity f1(r,\) and the NN two-site simulator fidelity fa(r,A), as defined
in Egs. (12.13) and (12.14]), respectively. As the one- and two-particle den-
sity matrices will generally be mixed when the overall pure many-body state is
entangled, these are defined as the Uhlmann fidelity [540] between the single-
or two-site reduced density matrices of the ideal state and the one at disorder

strength r, f = Tr\//pOp(")/p®. Tt can be assumed that fidelities of the
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reduced system decrease more or less monotonically with the number of sites
involved. As seen in Fig. the reduced simulator fidelities are much more
robust to disorder than the global one. Near the phase transition, fo(r,\) de-
creases to approximately 0.998, and fi(r,\) remains above 0.999. This gives
optimism that local quantities are robust enough to allow a faithful distinction
between different quantum phases.

11.2.2 Correlations, gap, and critical point

From the discussion in the previous paragraph, it seems that local quantities
are relatively robust in the presence of disorder. However, one is often more
interested in extracting non-local properties from the AQS that characterize
the critical point and quantify its universality class.

One step beyond local properties of the ground state are the correlation
lengths dictating the exponential decay of long-distance correlation functions.
We investigate the correlation length extracted from the correlation function

C(i,j) = (Wr|0£i)ag)|\yr> - <\Pr|aii)|\llr)(\llr|0§j)|\llr) ) (11.3)

which can be computed exactly via Eq. (12.10). Away from criticality, the
correlations decay as C(i,5) o< exp(-[i — j| /§) with correlation length £. At the
critical point, in the absence of disorder and for infinite systems, £ diverges,
because at criticality collective phenomena emerge that involve infinite degrees
of freedom at all length scales. In practice, we can only deal with finite systems
so that we cannot observe real criticality but only smoothed out signatures of it,
a phenomenon called “pseudo-criticality.” For example, the correlation length £
is bounded by the system size. Still, its peak gives a reliable signature for the
location of the critical point. In Fig.[I1.2)we show £ computed from fits to part of
the wings of C'(4,7). The data are for L = 400 and 10000 realizations of disorder
of variable strength. As this figure shows, disorder suppresses correlations and
broadens the peak of £, thus making an extraction of the critical point much
less reliable.

Another criterion to locate the QPT is provided by the energy gap A between
ground and first excited state. It is intrinsically connected to the correlations
(e.g., in harmonic-lattice systems with gap, the correlations decay necessarily ex-
ponentially [247]). At criticality, the low-energy spectrum of the Hamiltonian is
gapless in the thermodynamic limit. In finite systems, it presents non-vanishing
gaps that decrease in a systematic way with increasing system size. Due to this
characteristic scaling of physical observables such as the gap A as a function
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Figure 11.2: Influence of quenched disorder on the statics of an AQS.
The correlation length & decreases with disorder r, and its peak broadens
(shown for a chain of 400 spins). The critical point (as extracted from a finite-
size scaling of the energy gap A, labeled “\.”) shifts to larger A with increasing
disorder (black line). However, the change begins relatively smoothly.
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Figure 11.3: Inverse gaps for different chain lengths. (a) For low disorder
(r = 0), the scaled curves 1/(LA(L)) cross perfectly at the location of the
critical point, A = 1. (b) With increasing disorder (r = 0.2), the crossing point
moves to larger values of A and becomes less well defined. At large disorder
there appears a second crossing point below A = 1. The insets show zooms on
the crossing points.
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of system size, criticality can be detected by studying sequences of increasingly
large but finite systems, a technique called finite-size scaling [541]. For the ex-
ample of the gap: for close-by chain lengths L the rescaled curves 1/(LSA(L))
(where ¢ is the dynamical critical exponent) cross at a series of pseudo-critical
points. With increasing L, this series tends rapidly to the real critical point of
the thermodynamic limit [542]. Assuming that the dynamical critical exponent
¢ does not change much from the disorder-free value 1, we use the scaling of the
disorder-free case also for finite disorder. Accordingly, we approximate the crit-
ical point as the mean of the points where the rescaled curves 1/(LA(L)) cross.
For this analysis, we use L = 100, 150, 200, 300, 350,400 with 10000 realizations
of disorder each.

As displayed in Fig. for two examples of disorder strength, the crossing
point moves to larger values of A with increasing disorder. This analysis implies
that computing the location of the QPT in a real-world AQS without correcting
for disorder can yield erroneous results. On the other hand, as can be appre-
ciated in the black line of Fig. , which includes more values of disorder
strength, the change sets in smoothly at small disorder. We also note that the
crossing points show more scatter with increasing disorder, showing the effect
of the neglected change of (.

Finally, at large disorder, a second crossing point appears at A < 1. The two
crossing points open up to a V-like structure with increasing disorder. This could
be interpreted as an indication of the Griffiths phase (the crossing points are
qualitatively consistent with the extent of the Griffiths phase found by Jacobson
et al. [543]). For a more quantitative analysis, however, one would need to
account for a change of { with increasing disorder.

11.2.3 Universal quantities: Critical exponents and cen-
tral charge

Perhaps of more fundamental interest than the exact location of a critical point
is its universality class. All models within a given universality class give rise to
the same collective behavior at large distances, irrespective of their microscopic
details [434]. In fact, all relevant thermodynamic quantities for all models within
a class are characterized by the same small set of critical exponents. These
describe the power-law decay of the correlation functions of local observables in
the large-distance regime, a property that allows to differentiate among different
emerging collective behaviors.

To characterize the robustness of the universal behavior, we investigate as an
example the critical exponent for the correlation length, v. It can be extracted
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Figure 11.4: Spin—-spin correlations for different chain lengths. (a) For
low disorder (r = 0), the curves C(i,5)L?" for different L, plotted as functions
of |i—j|/L, collapse perfectly for the physically correct value of the critical
exponent, v = 1 (dots of different color correspond to different L). (b) With
increasing disorder (r = 0.2), the collapse worsens, and the best collapse is
obtained for some v > 1.

from a collapse of the correlations, taking advantage of another scaling law:
without disorder, the correlations follow the law

C(i,j)L* o< f(|i - j| /L) (11.4)

with some universal function f [434], as can be seen in Fig. [11.4h.

Hence, we can find v as the value for which the correlations scaled as in
Eq. collapse best onto a single curve. The v resulting from this analysis
is shown in Fig. [[1.5] Here, we used the following lengths: L = 100 to 190 in
steps of 10 (10° disorder realizations), L = 200, 250, 300 (5 x 10° realizations),
and L = 350, 400 (10° realizations). Already for a few percent of disorder, v
increases strongly from its ideal value 1. Hence, using the scaling on
a disordered AQS yields a too large critical exponent compared to the ideal
model. Moreover, the quality of the collapse worsens with increasing disorder
(see Fig. ), demonstrating that a naive application of the scaling is
unjustified if disorder is large. Therefore, if one simply neglects the influence of
disorder, the extraction of critical exponents yields wrong results.

As another fundamental quantity, we analyze the central charge ¢, which
characterizes the QPT if it is described by a conformal field theory (a spe-
cific subclass of one-dimensional critical systems). In these systems, the central
charge appears ubiquitously [544]. It, e.g., governs the temperature dependence
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Figure 11.5: Influence of quenched dis-

05_‘ 2.5 order on universal quantities of an
A TV AQS. Left axis, full circles: central charge
C | <« (20 © extracted from the part-chain entropy.
1 N L~ Right axis, open circles: critical exponent
1 C v, extracted from a collapse of the corre-
0'45: [ 15 lations for different chain lengths. Both
J C “ cand v change with disorder, which can
J - lead to erroneously assigning the QPT to
N L e o o o o o o » 1.0 an incorrect universality class. However,

0 0.1 r 02 the change begins smoothly.

of the free energy (Stefan-Boltzmann law), the Casimir effect in finite geome-
tries, but also the scaling of the entanglement entropy of sub-regions of the
ground state of the corresponding quantum models. Models with different cen-
tral charge have different emerging collective behavior. For example, models
whose collective behavior is that of a free Majorana fermion (as in the disorder-
free transverse Ising model) have central charge ¢ = 1/2, while models whose
collective behavior is that of a free boson have central charge ¢ = 1.

Strictly speaking, the transverse Ising model has an underlying conformal
field theory only in the disorder-free case, but there have been efforts to extract
an effective central charge also for the disordered model [537], e.g., from the
von Neumann entropy S of the reduced density matrix of a part of the chain
of size . At criticality, this entropy scales (for open boundary conditions) as
[456, 545, [546]

c L . (lr

S_GIOg(wsm(L))+A’ (11.5)
where A is a constant that is not important for our purposes. Using this scaling,
we extract ¢ by fitting S for several subchain lengths [ in a chain of size L =
300. We exclude small [ to avoid boundary effects, and we use 10000 disorder
realizations. As seen in Fig.[11.5] an increase of disorder suppresses the effective
central charge, indicating the decrease of entanglement (this is also reflected
in the decrease of correlations, see Fig. . Again, applying the analysis
that is correct in the disorder-free case without adjustments to the disordered
system yields results which deviate from the desired ideal case. Already a small
deviation of the central charge would indicate a completely different universality
class.

Fortunately, for all the extracted static quantities (except the global simula-
tor fidelity), the levels of disorder for appreciable changes to occur are at least
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a few percent. If the AQS can be operated below such a value, its results seem
to be robust, at least in this simple model system. In many experimental situ-
ations, one can hope to reach such low levels of disorder. Frequently, however,
changing parameters from the regime where validation via classical simulation
is possible to the regime of terra incognita might lead to uncontrolled disorder
or noise.

11.3 Influence of disorder on quantum simulation
of dynamics

As described in the list of possible tasks for a QS on p. [LTJff., efficient classical
algorithms for computing static properties of quantum systems are more devel-
oped than for computing dynamics (the difficulty arises mainly because entropy
and correlations grow rapidly with simulated time). Therefore, one can assume
that in the absence of disorder, a quantum simulation of dynamics can much
more easily outperform classical computers. Indeed, in a recent experiment
based on ultracold bosonic atoms, the controlled dynamics ran for longer times
than present classical algorithms based on MPS could efficiently keep track of
[19]. We thus turn to the issue of how disorder affects the reliability of quantum
simulations of dynamics. Again, the dynamical behavior can be computed with
the Jordan-Wigner transform, as explained in Chapter [I2.3] As with statics,
we investigate the behavior of the simulator fidelity, but now also as a function
of time, initial state, and external driving.

Typically, we expect that the simulator fidelity will decay with time, and
eventually reach an asymptotic finite value. The effect of disorder in both the
decay rate and the asymptotic saturation value can, in general, be understood
from established techniques such as Fermi’s Golden rule, and random matri-
ces [547]. On the other hand, the effect of the initial state and the external
driving is known to be nontrivial and of particular interest for our purposes.
For example, it is known that numerical techniques such as the time-dependent
density-matrix renormalization group (tDMRG) can simulate efficiently the dy-
namics after a sudden quench of the field A, as long as the quench is restricted
to a few sites on the chain. However, if the quench is global, it has been shown
that the computational resources needed to keep a fixed amount of error grow
exponentially with time [548] [549]. Generically, solving for the dynamics of
a quantum many-body system is a hard problem for classical algorithms. Our
model is special because it can be solved exactly for all cases, although it remains
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hard for the tDMRG algorithm. We use this to our advantage to study how this
class of classical algorithms behaves when solving for quantum dynamics.

We studied the behavior of the full simulator fidelity under the following
driving. As initial state we prepare the ground state of the Hamiltonian for a
given value of the external field. At time zero, the field is quenched instanta-
neously to a larger strength, and the system is allowed to evolve. In Fig.[IT.6h-b,
we compare the short- and long-time behavior of the fidelity for the case of a
global and a local (single-site) quench. The AQS keeps a high fidelity in the case
of a local quench, while it performs poorly for the global quench, with fidelities
reaching lows of 0.8 even for small systems of 50 spins. We also observe that
the AQS performs worse when the quench crosses the critical point, as shown
in Fig. [IT.6, where we fix the strength of the quench and vary the initial field
value.

The initial state can also have an effect on the efficiency of classical algo-
rithms. Using the same setup with a global quench, but starting from a thermal
initial state, tDMRG becomes efficient for high temperatures [548] where the
state and its correlations are almost classical. However, it becomes exponen-
tially inefficient with time for low-temperature initial states. For initial thermal
states, we can still compute the dynamics exactly, although computationally
it becomes too expensive to calculate the full many-body fidelity between the
evolved states. In this case, therefore, we focus on the reduced simulator fidelity.
For the regimes of disorder that we studied, we observe that the time dependent
fidelity decays with a rate roughly proportional to the strength of the disorder
squared (typical of a Fermi golden rule [547]). For this reason, we show in
Fig. a rescaled form of the fidelity, (1- f1)/r?, that exemplifies the typical
behavior for all disorder strengths, as a function of time and temperature of the
initial state.

As with the classical algorithms [548], the AQS remains faithful when the
state is almost classical (high temperatures). The simulator fidelity decreases
rapidly for low temperatures, although it saturates at a fairly high value. In
terms of distinguishability, the values we find imply that a fair observer would
have only a 4% chance of distinguishing the 1-spin reduced state of the AQS
from the ideal state. In the inset of the top panel we show the average asymp-
totic fidelity as a function of temperature of the initial state. Again, for low
temperatures fidelity worsens, but it saturates to a few percent. For high tem-
peratures, it is simple to perform an expansion of the fidelity which shows that

f1 ~ 1—T_2.



260 11. Robustness of quantum simulators against disorder

10°
a) .
§30L
LI
E
Iy
7"2 h ‘1’00
0.020
0.015
0.010 10
0.005
0.000 5

T [WJ]

2
i C):- e
=091 ~0.99 _mtar 11
?I 8 EﬁJfM°x?h% s :V
] |1
&~ L Mv § o
N 1 ~ ] 114
Iz, 0.81 I, 0.8 | 1f
1 i 14
1= Local quench ] \" -+ Local quench
1— Global quench k| y — Global quencl
0.7;) ‘ 2‘ C Tl <|9 ‘ 0 0.770‘”'0[5‘HII‘HIIﬁHHZ
1 . I 22
T [1/]] P

Figure 11.6: Simulator fidelities for dynamics of a disorder-affected
AQS. (a) Evolution in time 7 of the average reduced simulator fidelity as a
function of the temperature of the initial state. The system is an Ising spin
chain of length 50, the initial state is a thermal state at criticality (A = 1),
and at time zero the field is suddenly quenched to A = 2. In the vertical axis,
we show the infidelity (one minus fidelity) normalized by the disorder strength
r squared. For larger temperatures (where there are less correlations), the
state is more robust. In the inset, we show the average asymptotic infidelity
as a function of temperature. For large temperatures it decays as 1/T°. (b)
Evolution of the full simulator fidelity for an initial state equal to the ground
state at A = 0.75 after a sudden quench to A = 1.25. For a local quench in a
single site, fidelity saturates rapidly at large values, but decreases strongly for a
global quench. (c¢) Asymptotic value of the total simulator fidelity as a function
of the initial value of the field A, with a fixed quench strength of §\ = 0.25.
The system is much less robust for global quenches and near criticality (A = 1).
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11.4 Discussion and Outlook

A key issue for future investigation is the relationship between the robustness of
an AQS and its computational power. For the model we have considered here,
the physically relevant correlation functions are robust for a reasonable degree
of disorder. This suggests that such an AQS could perform well in a laboratory
demonstration. But, the transverse Ising model that we considered here is
simulatable on a classical computer. Is this connection between robustness and
classical simulatability coincidental, or does it reflect a deeper relationship?

Disorder reduces the correlation length of the spin chain. Because less-
correlated quantum states can be described with fewer parameters, there is
reason to suspect that certain aspects of weakly disordered quantum many-
body systems could actually be easier to simulate on classical computers than
their clean idealized versions. This happens, for example, in the realm of digital
quantum computation, where a quantum circuit becomes classically simulatable
for noise above the level where quantum gates lose their entangling power [550-
552]. In the context of many-body physics, the success of DMRG in, e.g., 1D
spin chains, is rigorously related to the existence of efficient MPS representa-
tions [456]. These take advantage of the small amount of quantum correlations
in such systems, thus compressing the O(exp(n)) parameters needed to describe
a general n-particle state to O(n) finite-dimensional matrices (see also Chap-
ter [12.2)). In higher-dimensional lattices, states which obey the so-called “area
law” [I01], [553], where quantum correlations are smaller than in generic states,
may still be amenable to a classical simulation using state-of-the-art techniques
such as tensor networks [77, [79] [80, 409, [554], density-functional theory [84], or
quantum Monte Carlo [73].

We thus arrive at the fundamental question: Do the finite imperfections of
an analog quantum simulator reduce the correlations, and thus the number of
parameters needed to describe the system, so as to render the device simulatable
by classical means? We know that for noise above certain levels a digital quan-
tum circuit is classically simulatable and for levels below a certain threshold it
can be rendered fault tolerant. Is there an intermediate regime for which noise
is too great to allow fault-tolerant universal quantum computation, but small
enough that an AQS accesses physics beyond classical simulation? The exis-
tence of an intermediate regime would imply that there exists a whole class of
problems outside P that we can access in the near future, even without a fully
functioning quantum computer.

The results we present here, in particular those for dynamics, are an initial
attempt — albeit in a trivial model — at understanding the above problem. We
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can see how an AQS works well when a classical solution is efficient, and wors-
ens (but only in a limited way) when the problem becomes classically hard to
simulate. Even though the underlying model is actually solvable, this may be
positive evidence for the existence of an intermediate regime of noise, and the
efficiency of AQSs in more complex situations.

Our main discussion focused on AQSs, but similar issues pertain to DQSs.
Since to date there exists no known way to fault-tolerantly error-correct AQSs,
there is a natural tendency to explore the advantages of DQSs, where error
correction is possible. The above discussion shows, however, that a digital im-
plementation of a quantum simulation does not, in itself, guarantee an efficient
and more powerful simulation than one that is carried out classically. As in
any quantum algorithm, initialization, evolution of the state, and measurement
must be performed efficiently, i.e., with a polynomial use of physical resources
(space and time). Digital quantum simulation is no exception. Indeed, as dis-
cussed in Chapter a fault-tolerant implementation of the standard approach
based on the Trotter expansion [I06] comes at the cost of an overhead in the
number of gates and time required that grows exponentially with the degree of
precision [68], possibly letting the time needed for fault-tolerant, digital quan-
tum simulation explode [124]. If we can guarantee the reliability of AQSs while
avoiding such exponential costs, many open problems from all areas of physics
could suddenly come into the reach of being solved.

Finally, we can turn the problem of quantum simulation on its head and
ask, what does Nature do? For any real material, like a high-T, cuprate, has
imperfections. Does Nature access highly correlated states that cannot be effi-
ciently simulated on a classical computer? Certainly, in some cases we believe it
does, as for example in high-T,. superconductors [5] or in certain ground states
of frustrated quantum antiferromagnets which are believed to carry topological
order [419]. If noise is low enough, does Nature protect quantum correlations
to a degree that classical methods cannot efficiently represent the physically
interesting quantities? And, can we exploit this capability with a quantum
simulator? If Nature does it, we should take advantage of it!
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In the preceding parts of this PhD thesis, we have theoretically analyzed
possibilities as well as limitations for quantum simulation of selected many-body
models. To a large extent, the relevance for quantum simulation of systems as
these derives from the computational complexity of their many-body ground
states, preventing exact and efficient classical calculations in many important
cases. From circumstances where such calculations can be carried out, we can
hope to derive universal features that can be carried over to more difficult cases.
But even in cases where the results are only approximative, calculations allow
us to shape the expectations that we can have towards the quantum-simulated
systems: How will they most probably behave? Is it likely that they will host
fundamentally important properties?

To be useful, such theoretical analyses require accurate techniques. This is
the subject of the following chapters, where we describe methods that are espe-
cially useful in the context of (but not restricted to) trapped ions and ultracold
atoms in optical lattices. Instead of going into technical detail, we will motivate
the advantages and limitations of the methods used in the preceding chapters.
For a concise discussion of the possible tasks demanded from a quantum simu-
lator and how the different methods perform therein, see also pages

We start in Chapterby explaining some techniques that are (quasi-)exact,
but which have their own restrictions (be it due to the small system sizes treat-
able, due to being restricted to low dimensions, or due to biases towards slightly-
entangled states). In Chapter we review mean-field methods which are more
approximative, but which can, e.g., treat very large systems and are not re-
stricted to low dimensions. In this sense, they have properties complementary
to the (quasi-)exact techniques. For another approach that falls into the cat-
egory of mean-field methods, Takahashi’s modified spin-wave theory [224], we
devote the separate Chapter [[4] In that chapter, we also show the validity of
this method by computing ground-state phase diagrams of frustrated quantum
models relevant to magnetic compounds, and we discuss exotic quantum states
of matter that may be found in such materials.
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Chapter 12

(Quasi-)Exact methods

In this chapter, we review some of the most common (quasi-)exact methods used
to analyze phase diagrams of quantum many-body systems. We discuss first in
Sec. exact diagonalization (ED), which allows to find the ground state
exactly but is restricted to very small systems. In Sec. [12.2] we review shortly
the quasi-exact density-matrix renormalization group (DMRG) methods, which
are a powerful tool to describe approximate ground states and dynamics in 1D
(and since recently also in 2D) with polynomial instead of exponential resources.
In Sec. we sketch the Jordan—Wigner transformation, which allows to map
a certain class of one-dimensional spin models to free-fermion systems, which
can then be solved analytically.

12.1 Exact diagonalization

Naively, one might think that the best way to find the ground state of a many-
body system is to simply diagonalize its Hamiltonian. However, normally this
can be done only for very small systems. The problem results from the expo-
nential scaling of Hilbert space. For example, for a spin-1/2 Hamiltonian of N
lattice sites, counting all possible states, the Hilbert space dimension is given
by

Dy(N) =2V, (12.1)

This exponential scaling leads to drastic demands in terms of computational
memory capacities.
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To illustrate what this means: for N = 16 spins of length 1/2, a matrix with
Dy x Dp = 26 x 216 = 4,294, 967,296 complex entries has to be diagonalized.
This corresponds to 16Gb of RAM (assuming double precision), which may eas-
ily be stored in a modern computer. With only a couple of spins more, only
powerful supercomputers can offer the required memory capacities. For exam-
ple, for 20 spins, 220 x 220 = 1,099, 511,627,776 complex entries require already
4Tb of RAM. Hence, if no additional tricks are employed already, systems with
only around 20 lattice sites are too big for practical systematic investigations.
And with another few spins more, even the most powerful computers cannot
store the full Hamiltonian matrices into memory. (For example, with N =24 one
arrives already in the petabyte range.) In many cases, we would, however, like
to characterize the behavior of models relevant for realistic solid state systems.
These can have on the order of 10%® degrees of freedom, which is essentially the
limit of an infinite number particles, i.e., the thermodynamic limit. Even if the
exponential growth of computer resources from previous decades (the famous
Moore’s law [555]) persists, the resulting improvement in terms of simulatable
system sizes is only incremental. It is therefore extremely unlikely that a simple
improvement of computer power can lead to ED of systems that are sufficiently
large so that its observables are close to the thermodynamic limit.

To overcome these limitations at least to some extent, several improvements
have been devised. A simple one is to take advantage of the sparse nature of
the Hamiltonian matrix (for short-range interactions) and only store non-zero
matrix elements, which considerably reduces memory requirements. Second, one
can often reduce the effective Hilbert space by introducing a suitable cut-off.
In the Bose-Hubbard model , e.g., one typically restricts the maximally
allowed occupation of each sitel'| This cut-off can be justified by the quadratic
growth of the interaction energy Un(n + 1) with the site occupation n. For
example, in the calculations of Chapter [10] we employed this cut-off to reduce
the Hilbert space of an ensemble of bosons with on-site and dipolar interactions
to tractable sizes. The improvement achieved this way is, however, rather small.

More memory can be economized when the system Hamiltonian has some
symmetry, i.e., when there exists some operator O which commutes with the
Hamiltonian. In this situation, one can find a basis which consists of simulta-
neous eigenstates of the Hamiltonian and the operator O, and the Hamiltonian
matrix can be written in the form of independent blocks, each corresponding to
a subspace with definite eigenvalue of O. The problem then reduces to the sepa-

ISuch a cut-off is used in many numerical and analytical techniques, such as DMRG and
quantum Monte Carlo schemes, or the Gutzwiller mean-field Ansatz (see Chapter. [13.1).
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rate diagonalization of each block. This is especially convenient if it is known in
which sector one has to search for the ground state. We used this simplification
for the spin models of Chapters 3] [7.7, and [I4] where the system Hamiltoni-
ans contain only terms of the form S7S? and S7ST + 57 S} = (SfS; +5757)/2.

Both types of terms commute with the total magnetlzatlon 0= > S7, so that
our calculations could profit from working at fixed polarization. (Slmllarly, for
the calculations in Chapter we worked at fixed filling, 0= Y n;, of an
extended Bose-Hubbard model. ) Even more, separating the eigenstates of the
Hamiltonian H with regard to such a symmetry [O 7-[] has additional advan-
tages. A good example can be found in Chapter [3.2.3] where we classified the
excitation spectrum of a frustrated spin Hamiltonian with respect to the mag-
netization. This allowed to estimate the order properties that the system will
attain at large sizes.

Another huge reduction of memory cost can be realized by never actually
storing the Hamiltonian matrix in memory. This can be done because of the way
the most efficient ED algorithms, such as the Lanczos method [226], work. In
general, to find the largest eigenvalue of a matrix .4, these algorithms iteratively
apply the action of A to a set of vectors. This procedure allows to extract the
(practically) exact eigenvectors of A with largest eigenvalues (except in patho-
logical cases, which can, however, be taken care of by careful implementation of
the algorithm). In our case, to find the ground state i (the state with largest
negative eigenvalue) of a quantum mechanical Hamiltonian 7:1, one simply uses
A=-H (if the spectrum crosses the zero, a constant energy offset may be nec-
essary to really arrive at the ground state and not the highest excited state).
Now, to find the ground state in these algorlthms all one needs is the action of
# on the vectors @ of the Hilbert space, i.e., ' = Ha, but not actually A itself.
For this, however, it is not necessary to actually store H into memory. Rather,
one can implement the action of H onto a wave-function by, e.g., using if- and
while-loops. Instead of a Dp-dimensional matrix with Dy x Dy entries, one
then only needs to store the Dy entries of the wave function. Although this
method only allows to extract the few lowest-lying states, this is often sufficient,
as one often is only interested in the low-energy properties of a Hamiltonian.
On the down-side, the required loops can considerably increase the run times
of the algorithm. The starting vectors can be completely random, but substan-
tial speed-up of the convergence procedure can be achieved if one can use prior
knowledge. For example, if the ground state () at some point A of the phase
diagram of H is known, one can obtain the ground state at a near-by point A+dA
by using () as the starting vector of the Lanczos optimization. This assumes
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that the state does not change much when proceeding from A to A + 0\, which
is a good assumption far away from quantum phase transitions (QPTs). Using
these improvements, modern ED can reach up to 40 lattice sites in spin-1/2
systems (see, e.g., the work by Richter and Schulenburg [556]).

From ED of such small systems, one can often learn surprisingly much about
the bulk behavior of a model Hamiltonian. This is especially true, if an adequate
finite-size scaling is employed, which can allow to extract a wealth of informa-
tion about the thermodynamic limit [541]. Further, it is particularly valuable as
a complementary method to techniques as mean-field theory, which treat large
systems, but often under un-controlled approximations. This makes ED, despite
its limitations, an extremely valuable tool. Nowadays, sophisticated ED algo-
rithms are readily available based on open-source packages such as ARPACK
[557.

12.2 Density-matrix renormalization group
(DMRG) methods

As discussed in the previous section, ED is limited to very small systems, because
it essentially considers all possible states of the Hilbert space. New ideas —
inspired from quantum-information theory — have, however, in recent years led
to the understanding that actually physical states occupy only a small “corner” of
Hilbert space [75]. If one can find an efficient representation of these physically
accessible states, then the computational resources needed for finding ground-
states or describing time-evolution of strongly-correlated systems can decrease
drastically.

12.2.1 Matrix-product states (MPS) and DMRG

An efficient representation of quantum many-body states can be derived by
considering the matriz-product states (MPS) formulation. For a system of N
lattice sites, any wave function can be written as

) = Z ATVAT L ATNIAN |y o) (12.2)

01,.--,ON

where the A% are matrices (A°"~ are vectors) encoding the information of
the djo.-dimensional local state spaces o; (for a spin-1/2 system: djo. = 2 and
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o; =1,1). In all generality, the maximal dimension of the A% is deéQ_l xdfzf SO
that in principle the matrices A blow up exponentially with the system size N,
which is the same problem as faced in ED. However, it turns out that in several
physically relevant Hamiltonians the exact ground state is a MPS with small di-
mension, such as in the AKLT model [558] or the Majumdar-Ghosh chain [559].
In other cases, as long as the system fulfills the so-called area laws [101] 553],
the singular values of the A%¢ decay exponentially [101],[560]. Therefore, one can
retain only the D largest singular values (the so-called bond dimension) while as-
suring exponential precision, thus allowing to efficiently represent ground states
within well controlled error bounds.

In general, the accuracy of this representation is connected to the eigenvalue
spectra of reduced density operators, implying that a decrease of D limits the
amount of entanglement present in the system, which means that good knowl-
edge of the entanglement properties of quantum many-body states is necessary.
In this light, insights from the quantum-information perspective have shown
that standard MPS methods are less efficient at QPTs and in critical phases,
where correlations decay algebraically, and that in two dimensions unrealisti-
cally large bond dimensions become necessary. Therefore, MPS methods are
particularly successful in one dimensional gapped systems, where already rela-
tively small values of D are sufficient for extremely good accuracy. To give an
example (described in Chapter [7]), we used this representation to compute the
ground state of a long-range interacting spin chain with over a hundred sites.

To find the ground state within the MPS representation, one typically uses
iterative algorithms which start from a random MPS, apply the action of the
Hamiltonian on it, and then truncate the new MPS again to bond dimension D.
This procedure is, in fact, closely connected to the DMRG method [561H565].
In these renormalization methods, one starts from a small 1D chain that can
be exactly diagonalized. Then, a new lattice site is added, the Hamiltonian
that couples the new site to the chain is renormalized by disregarding all physi-
cally irrelevant couplings, and the resulting Hamiltonian is diagonalized. This is
repeated iteratively until convergence [409, 566]. Ostlund and Rommer demon-
strated that, if the renormalization converges to a fixed point, the attained
quantum states in the thermodynamic limit (with periodic boundary condi-
tions) can be represented by a MPS [561]. Due to this connection, the names
MPS and DMRG are often used interchangeably for these techniques. The cur-
rent body of knowledge concerning the use of these techniques has reached very

2Which A% attains the maximal dimension depends on the decomposition used to reach
the matrix-product representation.
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sophisticated levels. For a recent pedagogical review, see, e.g., the article by U.
Schollwock [75].

Renormalization group methods have also been generalized to infinite sys-
tems, as for example in the infinite time-evolving block-decimation (iTEBD)
method [412]. This method exploits the translational invariance of most quan-
tum many-body models and the possibility to parallelize the local updates of the
renormalization procedure (instead of sweeping through the chain, as is done in
conventional DMRG algorithms). This allows the treatment of quantum many-
body models directly in the thermodynamic limit. An example where we used
the iTEBD method can be found in Chapter

12.2.2 Limitations of MPS in 2D and their extension to
PEPS

In dimensions larger than one, the DMRG algorithm is unpractical, as the bond
dimension D needed to accurately represent the ground state can become ex-
tremely large. This can be understood from the area law [101] [553], which states
that — under quite general circumstances — the entanglement between a block
of spins and its environment scales as the boundary of the block. In one dimen-
sion, this boundary is a single site, while in two dimensions it is a chain of spins.
The number of relevant degrees of freedom D that have to be retained grows
exponentially with this boundary, so that calculation in two dimensions become
much more problematic. Despite this restriction, recent years have seen spec-
tacular progress in applying DMRG methods to 2D (see especially the works by
S. White and coworkers [78], 238, 567, [568]). This is mainly possible by comput-
ing the ground states in quasi-one-dimensional ladder geometries followed by a
finite-size scaling. Still, the restrictions in memory are considerable, since such
a procedure forces the method to work outside of its natural “habitat.”

A more natural representation to overcome these restrictions has been de-
veloped in recent years, the so called projected entangled-pair states (PEPS)
[554] [569H572]. These can be understood as a natural extension of MPS to ar-
bitrary dimensions, which are therefore — even in 2D — quite accurate already
at small bond dimension D. Examples can be found in Chapters [3.2] and
where we used the PEPS algorithm to characterize the ground-state phase di-
agram of strongly frustrated spin systems. For such frustrated systems, PEPS
are particularly suited as the standard method of choice for 2D, QMC, fails due
to the famous sign problem [73].
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12.2.3 Limitations of MPS at criticality and MERA

Another weak point of standard MPS algorithms are QPTs or critical phases,
where correlation lengths diverge [435]. This implies that entanglement at large
distances is important [457], and the truncation in the MPS has to be done at
high levels. This means that MPS methods perform worst precisely at the most
interesting points of a phase diagram.

To overcome this limitation, in recent years the multiscale entanglement-
renormalization Ansatz (MERA) has been developed [532] [533]. This is a quasi-
exact variational method which in particular yields especially good results in
critical phases. It consists in postulating a layered tensor-network structure
for the low-energy states of the studied Hamiltonian. (MPS methods can be
understood as such a tensor network with a single layer.) The tensor network
T has the following properties. (i) It is built from elementary tensors belonging
to two different families, isometries Z; and disentanglers D; that are isometric,

ZI! =1, DDi=1. (12.3)

(ii) The tensor network 7 has a layered structure, 7 = []; 7;, such that each layer
7; performs an entanglement-renormalization transformation [573) [574] from a
lattice £; with lattice spacing d; to a lattice £;,1 with spacing d;,1 = nd;, where
n is an integer. Property (ii) is at the origin of the ability of the MERA to
describe infinite critical states with finite computational resources. Symmetries
of the Hamiltonian can be encoded in the structure of the tensors. For example,
in order to encode translational invariant states of chains with periodic bound-
ary conditions, one uses inside each layer the same isometry and disentangler
as many times as required to complete the entanglement-renormalization trans-
formation from the lattice £; to the lattice £;,1. When all the isometries and
disentanglers inside a given layer are chosen to be the same, the factor n not
only characterizes the blocking factor of the entanglement-renormalization pro-
cedure (we call this an n to 7 MERA) but it also defines the size of the unit
cell of the state.

In particular, we used MERA to study modifications of extended Hubbard
models by strong dipolar interactions, as presented in Chapter [I0.3.2]. In that
model, ED indicates the presence of checkerboard (CB) patterns in some parts
of the phase diagram, which suggests that we need an Ansatz that can naturally
encode at least a unit cell of two sites. This can be accomplished by a 2 to 1
MERA, i.e., by blocking two sites into one at each step of the entanglement-
renormalization procedure. However, this MERA is computationally more ex-
pensive than the & to 1 MERA. Unfortunately, the translationally invariant 3
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Figure 12.1: 4 to 1 MERA. Tensors Z; (isometries) and D; (disentanglers)
are represented by circles with trailing legs representing their indices. Lines
connecting two tensors represent tensor contractions over the involved indices.
(i) The tensors are chosen such as to fulfill the isometry constraints (12.3).
(ii) A layer 7; of the 4 to I MERA tensor network 7 that maps operators and
states defined on a lattice £; with lattice spacing d; to operators and states
defined on a lattice £;+1 with lattice spacing 4d; [532].

to 1 MERA does not easily accommodate a CB pattern, whence we choose a
4 to 1 MERA that both naturally accommodates the two-site unit cell of a
CB phase and reduces the computational cost of the 2 to 1 MERA [533]. In
Fig. [[2.3]i, we show a layer of the TN structure for the 4 to 1 MERA that we
used in our calculations. Similarly to DMRG methods, MERA has a refinement
parameter m,., larger values of which provide more accurate results but imply
larger simulation time, because the complexity of the algorithm is O(m?2) in
memory and O(m?) in the number of operations per iteration [533]. However,
modest values of m,., such as m, =8, are often enough to acquire qualitatively
correct results.

This results in an exponential speed-up compared to ED, combined with
excellent accuracy. This advantage makes MERA and related methods such as
TEBD and MPS, as well as their extension to 2D, PEPS, enormously useful
tools for the analysis of strongly-correlated quantum systems.
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12.3 The Jordan—Wigner transformation

In some particular cases, exact analytical results exist to solve the ground-
and even excited-state behavior of a quantum many-body system. Whereas
these are rare exceptions (and typically only work in 1D), they often serve to
benchmark numerical techniques, and one can hope that insights derived from
such analytical solutions carry over to a larger family of similar models.

One example of such an exact analytical solution is given by the celebrated
Jordan—Wigner transformation. It allows to solve a particular class of 1D spin
systems, the nearest-neighbor (NN) XY model in a transverse field, and works
even if the model is disordered [435]. This XY model is described by

N N

9y 1 +7 %o’ 1 —° z

RN/ [ oiora v 5 oot )+ > X05 (12.4)
= e

where o are the usual spin-1/2 Pauli matrices, and ~ interpolates between XX
and Ising couplings. Via the Holstein—Primakoff transformation , the XX
model (which is often equally called XY model) is equivalent to a system of
hard-core bosons, such as bosonic atoms in optical lattices with strong contact
interactions.

The main idea of the Jordan—Wigner transformation is to map the spin
degrees of freedom to a system of free fermions, which can then be solved ana-
lytically (meaning in this context that a matrix has to be diagonalized, the size
of which grows at most polynomially with the chain length).

The mapping to fermionic operators is inspired by the fact that spins ful-
fill fermionic commutation relations on site, i.e., {a;,a;} =1 and {a;-’,o;-’} =
{oj’,o;} = 0. For different sites, however, this is not true, since one has

[O'J ,O'J] = [O'] ,O']] = [o] ,o]] = 0. Hence, a simple identification of spin op-
erators with fermionic operators is not possible. The basic insight of Jordan
and Wigner [575] was that such a mapping between spins and Fermions can
be achieved if the non-local operator [],,;e ¢'™7% is included. The correct

transformation that retains the spin commutation relation is then defined by

fi = Tle™mmo; (12.5a)
m<j
fi = o L, (12.5b)
m<j

where the f; are now spinless fermion operators. Inserting the inverse relations
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j-1

of = fITI(-2ffn), (12.6a)
m=1
j-1 o
o = [1(-2fL0n) i (12.6b)
m=1
of = 2flfi-1 (12.6¢)

(where we have used ™ =1-2f! f ) into Hamiltonian (12.4), one arrives
at the NN, free-fermion (i.e., quadratic in fermion operators) Hamiltonian

N A A A A 1
H = Z [fZTAZJfJ + (fJBUf; + hC)] - 5 ZAjj N (127)
1] J
where
Aij = =Jj(6j,e1 +6ji-1) = 2N, (12.8a)
Bij = =Jjv (0541 = 0j-1) - (12.8b)

Here, the relationship (1 -2f], f,n) (1 -2f} fin) = 1 has canceled all non-local
terms (to see this, use the fermionic commutation relations together with fm fm =
LA =)

Hamiltonian can now be diagonalized to

e

H=> Al + Eo, (12.9)
k=1

where A = ® (A - B) U7 is diagonal, and where Ey = -Tr (A) /2 is a constant
energy offset. A, ®, and ¥ can be obtained from the singular value decompo-
sition of Z = A — B. The normal modes are 7j; = Z;»V:l (g;wfj + hkyjf;r), where
g=(®+WT)/2, and h = (®-T) /2. From this, one can in principle compute all
observables of interest.

For example, the excitation spectrum, including the gap A to the first excited
state, is simply contained in the normal mode spectrum Ag. Other important
observables, such as ground-state expectation values, can be computed using
the fact that the ground state |¢)) of Hamiltonian is the vacuum of the
normal modes (i.e., 7y [¢) = 0, Vk). For the ZZ-correlations, for instance, this
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yields

(oD DNy) = (oD 1) (oo P ap,)

AW\ f] Fi f] Filbe) = A0e | £ Filab ) (o | T £ 10

4(h"h), (9"9),,~4(h"g),; (g"h),, - (12.10)

C(i,j)

Unfortunately, the Jordan—Wigner transformation allows only the exact so-
lution of a very restricted class of spin models. For one, the non-local operators
an;ll (1 -2 f,L fm) only cancel for NN spin—spin interactions. Including next
NN interactions leads to a system of interacting fermions (i.e., the Hamilto-
nian includes terms quartic in the fermion operators), which cannot be solved
analytically. Similarly, the standard Jordan—Wigner transformation fails in di-
mension higher than one, although there are many efforts to generalize it to
higher dimensions (see, e.g., the work by Verstraete and Cirac [576]; for a brief
review of other such attempts, see also Chapter 19 in A. Tsvelik’s book [577]).
Still, the specialized class of models the Jordan—-Wigner transform can solve is
quite fundamental, and one hopes that results derived for them are of universal
nature.

Interestingly, the Jordan—Wigner and Holstein—Primakoff transformations,
Egs. and , imply that, in 1D, there is no fundamental difference
between spins, fermions, and hard-core bosons. The crossover from bosonic
to fermionic behavior upon increasing repulsion has been nicely shown — more
than 40 years after the theoretical analysis by M. Girardeau [578] — in the recent
ultracold-atoms experiments in I. Bloch’s group [579).

In this thesis, we applied the Jordan—Wigner transformation to compare the
results of an ideal AQS simulating the XY model to the performance of
a real-world, disorder-affected AQS (Chapter . Meaningful observables for
this purpose are the global simulator fidelity F' (the overlap to the disorder-free
ground state) and reduced simulator fidelities.

Ground-state fidelities. In general, the overlap between the ground states
of two realizations of Hamiltonian (12.7]), parametrized by Z and Z, is [530]

1+T1T
et ——

F(2,Z)=\/d T

(12.11)

with T = (<I>’1Aq>)_1 Z. We define the simulator fidelity F' as the overlap at
fixed A between the ideal, disorder-free state and the state at disorder strength
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T,

F(r,\) = F(Z(\)r Z(M\)o) - (12.12)

This is a global quantity. In our analysis of the disorder-affected QS, one can
expect that local observables are more robust. A measure for the change of local
quantities is the single-site simulator fidelity

L
fi(r ) = zt\/ Va2 N VAP () (12.13)

= tre\(4) 0 is the reduced density matrix of site ¢ under disorder r,

where ﬁgr)
is the one in the disorder-free case. Here, C\{i} denotes the chain
without spin i. Since one can expand p; = 1 (I + zy.z (o!') o), the single-
site reduced density matrix is completely determined by the expectation values
of ¢. In Chapter we also analyzed the NN two-site simulator fidelity

L
~(0 ~(r ~(0
fa= Ztr\/ pz(,ii—l()‘)pz(',ill(A) p§,}+1(A). (12.14)
i=1

Here, /31(21 = trey(s,i+11 0 18 the reduced density matrix of sites (i,i + 1) under

disorder r, and ﬁggil is the one in the disorder-free case.

Time dependent fidelities. For time evolution, we distinguish between the
zero- and finite-temperature fidelities, although the underlying technique is the
same. We start by rewriting the fermionic Hamiltonian (12.7) as

f=-0tHP, (12.15)

where T = (f;r, e f;r\,, fl, e fN) is a length-2N vector composed of all creation
and annihilation operators present in 7:1, and H=A®0o,+iB®o, is a 2N x2N
matrix with complex coefficients.

For computing fidelities, we use the convenient Levitov’s formula [580, [581],
which relates traces of operators in the Hilbert space of the fermions to de-

terminants of much smaller matrices (like H). For example, let P=ut.P.¥

and Q = \ifr -Q- \il be two operators in the space of fermions, with P and Q
complex-valued 2N x 2N matrices. Then,

Tr (eﬁeé) :det(1+epeQ). (12.16)
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Similar formulas hold for a larger or smaller number of operators.
In the zero-temperature case, when the initial state remains pure after evo-
lution, the fidelity takes the form of an overlap

F=[{go(®)r (), (12.17)

where [1o(t)) = e~ Hot [tho) is the initial state evolved with the target Hamilto-

nian of the simulation, Ho, and (1)) = eimrt [tho) is the same state evolved
with an imperfect Hamiltonian H, = Ho + V. Rewriting the fidelity,

F =Tr poeiHrtetHot, (12.18)
with pg = |[tho) (o], we can use Levitov’s formula and obtain
F=det (1-Go+GoeMrte ™or) (12.19)

with Go = (10| G |tbo), and G the correlation matrix of the original fermionic
operators, CAT’” = \i/j\ilj

If the initial state is not pure but a thermal state, the state remains mixed
even if the evolution is unitary. In this case, we cannot compute the fidelity for
the full many-body state, but only the fidelity of the reduced density matrix
for a few spins. For this we must evaluate the correlation functions of the
Pauli operators at different sites of the chain. For the case of a single spin, the
symmetry of the system ensures that at all times the reduced density matrix can
be written as p = (1+ (%) o%)/2. Since (o) = (f! f;), we only need to compute
the evolution of the diagonal terms in the G correlation matrix.
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Chapter 13

Mean-field methods

Nowadays, a large variety of approximative analytical methods exists that are
complementary to (quasi-)exact methods. Many of these analytical techniques
have reached excellent levels of refinement, allowing to not only form intuition
but also to obtain quantitatively reliable predictions at strongly reduced cost in
terms of numerical resources. In this respect, mean-field approaches are partic-
ularly widely used, because they give — despite their simple implementation —
good qualitative and even quantitative results.

The unifying concept behind mean-field theories is to neglect some kind
of correlations, thus typically decoupling higher-order expectation values into
products of lower order. A simple example is the first mean-field theory, the one
of magnetism introduced by P. E. Weiss. It treats Hamiltonians of the form

H=J> S;8;+h>S;, (13.1)
(i) i

where J denotes the coupling between spins S; and S; occupying neighboring
sites ¢ and j, and h is an external magnetic field. To find an approximation to
the ground state, one decouples interaction terms between spins as

3 (S:5) > 2 (5)(85) (13.2)

The energy

K2

B=(H)=Y(S) (h+ D) 4<sj>) (133)
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can now be minimized in a self-consistent way. As the expression for E shows,
the decoupling amounts to regarding spin S; as sitting in a magnetic
field generated by the external field h plus a NN contribution, the “mean field”
Yinni (S;) (also called “molecular field”). Historically, mean-field theory was
for a long time the only theory of phase transitions. Since its beginnings, it has
been generalized to a great number of applications, and even today mean-field
theory is typically the first tool to sort out the essential physics when confronted
with an unexplored many-body problem.

The reliability of mean-field theory increases with the dimensionality of the
system (in four dimensions, it gets exact for conventional systems with short-
range interactions), but many refinements have been devised to improve its
performance also in low dimensions. As a big advantage, many formulations of
mean-field theory work naturally in the thermodynamic limit so that one can
nicely confront their approximate results on large systems to, e.g., ED results
on small systems. It is tempting to accept features that appear in both limits
as the true behavior of the model under consideration.

In this chapter, we discuss several mean-field methods which are useful for
treating ultracold atoms in optical lattices. First, in Sec. [I3.1] we discuss the
Gutzwiller mean-field Ansatz (GMFA), which is one of the most simple mean-
field methods, entirely neglecting correlations between sites. Despite its simplic-
ity, this Ansatz exactly solves the Bose-Hubbard model at integer filling in
the limit of infinite interactions U/t — oo, where the system is perfectly Mott-
insulating. A related method is to start from the insulating ground state of
U/t - oo and take tunneling terms ¢ into account perturbatively (the so called
strong-coupling expansion). As a simplification, the tunneling terms can then
be treated — in the so called perturbative mean-field theory (PMFT), discussed
in Sec. — at a mean-field level. This technique allows to trace an upper
limit for the insulating phase, and also allows to find meta-stable insulating
states in a straightforward fashion. Finally, we discuss a method valid in the
opposite limit of weak interactions, namely an expansion in the fluctuations of
a Bose-Einstein-(quasi-)condensate due to Mora and Castin [262] (Sec. [13.3).
Contrary to GMFA and PMFT, this method is valid if correlations do not decay
too rapidly, which in 2D is the case at low temperatures and weak interactions.
For another mean-field Ansatz, the modified spin-wave theory, which we used
extensively for our calculations presented Chapter [3] we reserve the separate

Chapter
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13.1 The Gutzwiller mean-field Ansatz

Maybe the simplest mean-field method, the Gutzwiller mean-field Ansatz
(GMFA) [582, [583], is — despite its conceptual and numerical simplicity — a
reliable tool to get a qualitative picture of ground-state phase diagrams of
many-body systems. In particular, it predicts quite correctly the quantum crit-
ical points separating the Mott phase from the SF phase in the Bose-Hubbard
model in 3D, or even in 2D. Its accuracy, however, decreases dramatically for
1D systems.

13.1.1 General formalism

A relatively general model amenable to a treatment with the GMFA is the
extended Bose-Hubbard Hamiltonian,

H == tiblb; +Z%nz (72 = 1) + ) Vighafiy + Y iy . (13.4)
ij 5 i 7

Here, b; (IA)I) annihilates (creates) a boson at site i, and 7; = IA)ZTZA)I- is the corre-
sponding number operator; ¢;; denotes the tunneling amplitude between sites ¢
and j, p; is the chemical potential controlling the filling, U; the on-site interac-
tion, and V;; an off-site interaction. The GMFA can be applied in a straight-
forward manner to systems with long-range interactions V;; or tunnelings ¢;;,
where other methods such as DMRG become considerably more complex. Such
models are relevant to, e.g., dipolar atoms in optical lattices (Chapter or
trapped-ion quantum simulations of spin systems (Chapter [7)).

In its simplest version, the GMFA is based on neglecting correlations between
different sites, i.e., it approximates the many-body wave function by a product
over single-site contributions

Mmax

Wemra) = ® ZO £ 0n), . (13.5)

i
Here, |n); denotes the Fock state of n atoms in the i-th lattice site with its
corresponding amplitude f,(f); Nmax 18 & (system-size independent) cut-off for
12
the number of atoms per site. The amplitudes are normalized to Y, | 7(,1)| =1.
One can find the variational ground state of Hamiltonian (13.4) within this
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Ansatz by minimizing its energy expectation value,

U,

_th@D@J)*Zé(ﬁz(m_l) Zvﬁa i) () Z/i fi) -
¥ i
(13.6)
Inserting the expectation values

(b;) Z \/n+ Lpm* pn D and (13.7a)

Mmax

. fi(n>| | (13.7b)
n=0
we obtain
“Tts R TV T L () (0 e (13.8)
n,n’=0
+ZZO[ (n- 1)+,J] Il <2V Z n! |10 |10
K3 n= o

The variational ground state can now be found by minimizing £ with respect
to the fi("). A convenient way to do this is via the Schrédinger equation,

H|T) = i% W) . (13.9)

Multiplying from the left by (¥|, we can rewrite it in the form

E=i{y| % 1) =i @Al DQX A ), @334 In"), - (13.10)

VEIR 4

Invoking (n|, |n"); = 8, ,,» and the normalization of the fi(n), this yields

E=iY S e jm (13.11)
I n
and therefore, taking the functional derivative of F,
oF “(n
e =i ) (13.12)
s

Finally, expressing the left-hand side in terms of the fi(n), using the expectation
value of the energy , gives a self-consistent equation for the amplitudes
fi("). This equation can be solved by imaginary-time evolution, leading to the
Gutzwiller variational ground state.
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13.1.2 Example: standard Bose—-Hubbard model

As an example, let us consider the homogeneous NN Bose-Hubbard model,
corresponding to Eq. with ¢;; =0 V]|i—-j| > 1, U; = U, and V;; = 0. At
an integer number of particles per site ng, this model undergoes the SF to MI
transition. In the GMFA, this is identified as the point t/U = (¢/U). where

the SF order parameter (b;) becomes finite. For t/U < (¢/U)., the amplitudes
are fnl) = Opn, (vesulting in (b;) = 0), implying that the wave function is a
single Fock state, [Yamra) = |no,no,-..). Hence, the Gutzwiller wave function
reproduces the exact behavior in the limit ¢/U — 0. It is also possible to argue
that the differences between the exact result and the GMFA are negligible
in the limit of a large lattice and t/U — oo [584]. Therefore, one may hope that
the GMFA also reasonably interpolates between these two extreme limits and
gives a qualitatively reliable overview of the entire phase diagram.

To quantitatively evaluate the reliability of the GMFA, we compare its pre-
dictions for the SF-MI transition to other, more sophisticated methods. Ac-
cording to the GMFA, the critical point (¢/U). for the ng = 1 MI-SF transition
is located at 1/(5.8z) [684]. Here, the dimensionality of the system only enters
via the coordination number z (i.e., the number of NNs). A comparison of
the critical tunneling with precise predictions from state-of-the-art-methods is
displayed in Table [I3.Th. In 3D, the agreement is satisfactory (considering the
simplicity of the GMFA), but in 1D there are huge discrepancies.

This is mainly due to the fact that mean-field lobes such as predicted by the
GMFA are always rounded off at their tip, as can be seen in the color data of
Fig.[13.1p. In 2D and 3D, this behavior is correct, but in 1D the true lobes have
strongly pointed cusps, as can be seen in the data from Freericks and Monien
(black lines and dots in the foreground of Fig. [13.1p) [411]. Due to this property,
the tip of the lobe actually extends to much larger values than predicted by the
GMFA.

13.1.3 Advantages and limitations

Despite its limitations, the Gutzwiller Ansatz is attractive for a number of rea-
sons. First, the numerical demand is quite low and convergence is achieved
easily as long as the system is reasonably homogeneous and metastable states
do not hinder reaching the ground state (these can become problematic, e.g., in
extended Bose-Hubbard models such as encountered in Chapter . In homo-
geneous situations, since the Gutzwiller Ansatz does not host any correlations
between sites, there is no length scale in the system and calculations for a single
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a) b)
GMFA
Z  GMFA benchmark ,/u %i|(bi)|/N
value 12
3D 6 0.0287 0.034 08
2D 4 0.0431 0.061
1D 2 0.082 029 04
) J )
01 02 U 03 °

Figure 13.1: Benchmarking GMFA. Table (a) Comparison of GMFA
predictions to state-of-the-art results, for the critical point of the ng =1
SF-MI transition on a cubic lattice (coordination number z). In 3D GMFA
performs satisfactorily, while in 1D huge discrepancies become apparent. The
reference results are as follows. 3D: perturbative expansions [411] and QMC
[585], 2D: QMC [586], 1D: DMRG [587]. Figure (b) Mott lobes with ng =1
and 2 for the 1D Bose-Hubbard model. The GMFA (color data) traces
reliably the boundaries of the Mott lobes for low tunneling ¢/U, but at their
tips the lobes are rounded off. The true lobes are pointy as shown by the green
data in the foreground, taken from Freericks and Monien [411] (dashed and
solid lines: 3rd order strong-coupling expansion and extrapolation to infinite
order; dots: QMC from Batrouni and Scalettar [588]).
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site correspond already to the thermodynamic limit (i.e., if there are no density
waves, in which case one has to take as many sites as needed to accommodate the
periodicity of the ground state). For inhomogeneous situations, the simplicity
of the GMFA still allows to treat extremely large lattices. For instance, calcula-
tions in experimentally realistic three-dimensional systems of ultracold atoms,
including trapping potentials, have been done for up to 65° lattice sites [589].
Second, the Gutzwiller approach can be easily extended to a variety of systems,
such as Bose-Bose [590, [591] or Bose—Fermi mixtures [592H594], systems with
long-range interactions (see Chapters and, or occupation-dependent terms
(Chapters [9] and [10). It even allows to treat time-dependent problems [590].

However, the simplicity of the GMFA also leads to a variety of problems. For
example, only in the limit ¢/U = 0 is the Mott insulator really given by a single
Fock state |[¢) = |ng, ng,...). At finite /U # 0, there are correlations between
sites, and the Mott insulator acquires small occupation-number fluctuations.
Another drawback of the Ansatz is the missing distance-dependence of
correlations. This implies a vanishing correlation length, which should, how-
ever, diverge close to a QPT. This consideration shows that one cannot expect
quantitatively reliable results close to such quantum critical points. In fact,
being a mean-field theory, the GMFA always predicts mean-field exponents for
the universal critical behavior of the system. Related to this, the Gutzwiller
approach in general underestimates finite-size effects. For instance, it predicts
QPTs in systems of any size, while these can — strictly speaking — only occur
in the thermodynamic limit. Also, GMFA is usually formulated in the grand-
canonical ensemble, because it is not simple to apply it in the canonical ensemble
with fixed number of particles. This problem can be solved by a projection of
the Gutzwiller wave function onto the subspace of fixed atom number
[583, 590], but the subsequent calculations become more complicated. Finally,
while the ground-state phase diagram can be obtained easily, the calculation of
excited states is not possible in the standard Gutzwiller formalism.

While there exist various improvements over the GMFA, for the purpose
of quickly reaching an intuitive understanding, it proved to be sufficient in a
variety of systems treated in this thesis (see Chapters [4] [6] [7} and [9).

13.2 Perturbative mean-field theory
Another mean-field method that works well at small tunneling is the perturba-

tive mean-field theory (PMFT). It is a relatively simple analytical tool which
can give upper bounds for critical points between insulating and SF phases.
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However, it is not the method of choice to predict further properties of the
involved phases, such as correlations or the precise values of order parameters.
Let us exemplify how this Ansatz works at the example of the extended XXZ
model,
H=3Ji;[S7S7+A(S7S)+SPSY)]-hYy 87, (13.13)
i<j i
where h is a magnetic field, and the S are spin-operators at site i. We have
analyzed this Hamiltonian in detail in Chapter [7| (where J;; = cosf/|i - ik
A=tané, h = p/cosh).

Within PMFT, one decomposes the Hamiltonian into an interaction part
Ho and a tunneling part ’Hper, such that H = Hg + ’7'—1,per Typically, the ground
state of H is an insulating state that is known exactly, to which Hper is then
introduced as a perturbation.

For Hamiltonian (|13.13)), we choose
Ho= Ji;S7S7 - hZSZ (13.14)

i<j

The ground states of this Hamiltonian are insulating states with a filling de-
pending on h (see Chapter [7.3). To this, we introduce the perturbation

Hper = 2 JuA(STST+S)SY) = 3 JijAS; S5 . (13.15)

i<j i<j

The aim is now to find the tunneling strength A where the expectation value
of the SF order parameter becomes finite. That point provides an estimation of
the upper bound for the break down of the insulating phase. In general, the SF
order parameter of site 7 is

(S7)=Tr(pS7) , (13.16)

where S; is the spin lowering operator at site ¢ and p is the density matrix of
the system, given by

p=eP)z, (13.17)
with Z the partition function and § =1/ (kgT) the inverse temperature.

For small tunneling, i.e., small H,.;, we can approximate p using the Dyson
expansion

. . B o N
e P o g7 PHo _ g=FHo [ dre” oA e (13.18)
0
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Now, we make a convenient simplification, namely we treat Hper in a mean-field
approximation,

Hper = . JigA(S7(S;7) +(SF) 87 = (SF)(S7)) - (13.19)

i<j

We insert this together with Eqs. (13.17) and (13.18) into the expectation
value . Further, since we are interested in ground-state properties, we
take the limit 8 — oo. Then, the partition function goes to Z — e #Fo  where
Ey is the ground-state energy. These steps yield a self-consistent equation for
the SF order parameter,

B . N
(Sr)= —elFo f drTr {S[e_(ﬂ_T)HO (—;\ ZS{’(S{)) e_TH‘)} , (13.20)
0 7
where we introduced the abbreviation

(S7)= 2. Jii (55) - (13.21)

One finds that in the trace appearing in Eq. only one-hole excited states
and the ground state yield finite contributions.

For small )\, Eq. has only the trivial solution (S;) = 0. At some
critical tunneling, however, SF order develops, i.e., {S;) # 0. An easy way
to compute the critical tunneling for finite systems of size N, is to write the
self-consistent equation in matrix form, i.e.,

(57)=A-(57), (13.22)

where (S7) = ((S7),(S5),---,(Sx))'- When det A # 0, the self-consistent equa-

. . T
tion (13.20) admits a non-trivial solution (S™) # 0. Within second-order pertur-
bation theory, the tunneling term for this solution contributes a non-vanishing,
negative amount to the energy of the Mott-insulating state, contrary to the

—
trivial solution (S™) = 0, where the tunneling contribution vanishes. There-
fore, without having to know its precise form, we are assured that the solution

(?5 # 0 forms the new ground state, and the A at which det.A becomes finite
identifies the QPT to the SF phase.

Remarkably, the properties of PMFT and the GMFA (discussed in Sec.
complement each other. For example, within PMFT, the mechanism for the
break down of the insulating phase is an instability under adding or removing
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a single particle. Potentially, there are, however, more complicated excitations
than that. For instance, in extended Bose-Hubbard models with interactions
which go beyond on site, the addition of a particle plus a relocation of neighbor-
ing particles can be a relevant excitation for insulating crystals. In the simple
PMFT, this type of excitations is not captured, which is an important disad-
vantage compared to the GMFA. Also, PMFT is more easily implemented to
compute the transition between SF and insulating phases, but not their precise
properties. An important advantage of PMFT is, however, that it allows to
find the extent of metastable insulating states in a straightforward manner. To
this, one simply perturbs around a different insulating state than the actual
ground state. We used this property of PMFT in Chapter [7] to characterize
the manifold of metastable states that Hamiltonian with long-range J;;
accommodates at small tunneling.

In the opposite limit of weak interactions, LRO develops, and a mean-field
Ansatz that neglects correlations between sites is no longer valid. In the next
section, we discuss a method that poses a convenient alternative in such a
regime.

13.3 Mora—Castin expansion in fluctuations of a
BEC

For typical scenarios in the Bose-Hubbard model (2.4), the bosons become su-
perfluid at small interactions U. They then transmit long-range correlations,
and the ground state is characterized by LRO of density as well as phase. In that
case, a description in terms of a Bogolioubov—deGennes expansion of the con-
densate wave function gives a good quantitative description of the ground-state
behavior. Here, field operators are replaced by mean values dressed with small
fluctuations around them. However, at increasing interactions such ordering
tendencies are suppressed, leading in the large-U limit to the MI state without
long-range correlations. This disruption of order is strongly enhanced by geo-
metrical frustration, as described in Chapters[3.2Jor[3.4] It can be expected that
frustration reduces order also in the weakly-interacting regime, at least for the
condensate phase ¢, which is subject to stronger fluctuations than the density.
Since the standard Bogolioubov—deGennes expansion assumes the smallness of
long-range phase fluctuations, it is in such a situation not an adequate approach.

This problem is overcome by the expansion due to Mora and Castin [262],
which relies on the much less stringent assumption that not long-range but only
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NN phase fluctuations are small. This Ansatz, in particular, also allows the
description of quasi-condensates.

In the Mora—Castin formalism, the bosonic operators in the Bose-Hubbard
Hamiltonian are rewritten as

b; = ei\/n;, (13.23)

with the phase ¢;, and where one assumes @; ~ @;r. The site-dependence of phase
and density is due to the AFM nature of the couplings ¢;;; in a FM system it
would be energetically favorable to have at all sites the same phase and density
(see introduction to Chapter . Now, one divides

f; — n;+on; and (13.24a)
Gi > pit 0P (13.24b)

in local mean values (quantities without hat) and fluctuations around them (d7;,
0¢;). Relative density fluctuations d7;/n; are typically small, as are fluctuations
0¢i; of NN phase differences ¢; — ¢; = Ayp;; + 695, even in quasi-condensates.
Their smallness justifies an expansion of Hamiltonian in 67, /n; and §¢;;.

For the calculations presented in Chapter 3.6, we applied this method to the
spatially anisotropic triangular lattice (SATL), where it is particularly suited
due to the strong frustration and low dimensionality of that model. In their
original paper [262], Mora and Castin considered a BEC in free space, which
they had to discretize by hand to avoid divergences due to commutations of the
field operators. In our case, this discretization is given naturally by the optical
lattice.

Also, Mora and Castin conducted the expansion in the fluctuations only up to
second order. Here, we also include fourth-order terms, which in the frustrated
SATL, where the influence of quantum fluctuations is strongly enhanced, proves
to be a straightforward but essential improvement. In fact, in the quantum
limit of the SATL (Chapter , quantum fluctuations considerably shift the
critical point between spiral and square-lattice Néel order from the classical
value a¢ = 2 to a » 1.4. Interestingly, the on-site interaction U in the Bose—
Hubbard Hamiltonian interpolates between these two limits, where the classical
spin model is reached at U = 0 and the quantum spin-1/2 model at U — oo.
Hence, we can expect that an increasing U smoothly shifts «.) from 2 to 1.4. We
find, however, that an expansion only up to second order in the fluctuations does
not describe any shift of o] — optimizing the type of order immediately renders
the expansion instable. An expansion up to fourth order, where interactions
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are treated in a self-consistent mean-field Ansatz, however, does describe such
a shiftE In the rest of this section, we explain — for a general Bose-Hubbard
Hamiltonian as given by Eq. — how the approximate ground state can be
extracted from such a fourth-order expansion.

13.3.1 Expansion in phase and density fluctuations

In the following, we will assume a constant mean density n; = n, since under
short-range interactions density waves are not to be expected. In this case,
expanding the interaction term of Hamiltonian in terms of mean values
with small fluctuations, Eq. , yields

U oo 5n; (5n )2 1160,
1n— 7 1,_ - 1+2 + - - — . 1325
Slmllarly, for the tunneling term, we get
;qtun = Z tz] 1 (1326)

=3 ;tij\/ﬁe_i‘“\/ﬁei% (1 —i0p;; - &p” + 5@” 6apw +0 (&p”))
16n; 1 ((Sm)? 1 ((mi)?’ 5 (5ﬁi)4 (5712-)5
x |1+ — - = + — - — +0
2n 8\n 16 128 n

S R C O VR (CR)

2 n 8\ n
where we Taylor-expanded the square roots and exponentials in Eq. up
to fourth order in 0n;/n; and 0¢;;.

The fluctuations fulfill the commutation relation [§7;,04;] = 4, but it is more
convenient to work with modes which have bosonic commutation relations. To
arrive at such a description, we introduce the bosonic annihilation and creation
operators

. 16
d = \/ﬁ(fl+z5<pl), (13.27a)
2 n
. 0N
dl = \/E(%ﬂ—w@), (13.27b)
n

!Similarly, in spin-wave theory, second-order expansions cannot describe such a shift of the
order properties, while self-consistent fourth-order expansions do (see further Ref. [595] and

Chapter .
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yielding

Hing = % Z [n(n -1)+ m32d; + 2n3/2d;r +nd;d; + ndjczz + ndlcii + ijd“j] ,

7

(13.28)
A < dj A didi dyd; dld;
7_ltun = 1 Ztijne_zAwij 1+ —L + — — dldl 4 2373 A
277 Jn o Jn 4n | 4n 2n
dtd, did; Jtqt did i \4
(A% S8 A S of(5) )] (13.29)
n 2n 4n 4n Jn

At this moment, we only show terms up to second order in the fluctuations, since
the generalization to fourth order is straightforward but the formulas become
very unhandy. The final results can be written more compactly, and we will
state them including fourth-order terms.

13.3.2 Minimization of free energy

Our aim is to find the ground state of Hamiltonian (2.4)), which is attained
at the minimum of the free energy F = F - TS, where E = (H) is the energy
expectation value and S = & ¥, (nfca) +1) ln(n,(ca) +1) —ngx) In ngx) the entropy

This is best done via subsequent Fourier and Bogolioubov transforms, i.e.,
ag = % Y, etkri cii, where N is the number of sites, and

G = costhdk+sinh9de£k (13.30a)
al, = coshf_pal, +sinh6 iy, (13.30Db)

where a priori, modes k and —k can be different. To treat the fourth-order
terms, we restrict the variational manifold to Gaussian states. Then, we can
apply Wick’s theorem, which allows to decouple fourth-order terms into prod-
ucts of second-order terms [596],

(diey Ay dieg diey) = (diey dicy ) (dig i) + (diy iy ) (dioa iy} + iy iy ) (die iy )
(13.31)

2The following treatment is very similar to MSWT explained in Chapter [14] only that in
that case the bosonic modes describe quantum fluctuations of spin degrees of freedom, while
here they describe fluctuations of density and phase of a bosonic SF.
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and similarly for any combination of four d and dt operators. With this sim-
plification, the minimum of the free energy can be found as the self-consistent
solution of a quadratic theory.

Using Wick’s theorem, Eq. , we obtain the energy expectation valuesﬁ]

1y = Y 1 (a) 2
(Hint) = 2;{n(n—1)+nNZk:[(1+2nk )cosh@k

~2(1+2n{") cosh Oy, sinh 0, + (1 +20(})) sinh 9;@]} (13.32)

~ _ 1 o a—iAp; 1 1 () 2 (i(ri-rj)k _
(Houn) = 3 izd:tljne ¢ {1 t Zk: - [nk cosh 6y, (e 1)
S 4
(r;—r; [e% . d
+ (i -7>k—1)(1+n(_k))smhe,i]}+0 (\/ﬁ) (13.33)

where we introduced the occupation number of Bogolioubov particles nfca) =

(&Ldk) =1/ (exp(wg/T) - 1). Here, T is the temperature and wy, the dispersion
relation of the Bogolioubov particles. Later, we will put T to 0, since we are only
concerned with the ground state. This will give n,(ca) = 0. At this point, however,
we keep the T' dependence because this gives a convenient way to minimize the
system’s energy E with respect to wg, because wy /T enters in E through n,(ca).
Now, we make the assumption that the mean value of the phase is given by

an ordering vector Q, i.e.,
0i=Q 1. (13.34)

Classically, if the underlying lattice is a Bravais lattice, the ground state can
always be described by such an ordering vector. In that case, Q is just the wave
vector which minimizes the classical dispersion relation } 4 tse®9 where § are

3Here, only even-order terms play a role. The reason is that all odd-order terms can, by
virtue of Wick’s theorem, be decoupled in products of second-order and first-order expectation
values, and the first-order terms vanish at the free-energy minimum. In principle, third order
terms should be reintroduced via second-order perturbation theory, since these are of order
O(n?) [the product of two third order terms gives O(\/ﬁ2), these are divided by an energy
difference of O(n?), and summing over all states which are coupled by the third-order terms
gives another O(n)]. These terms are of the same order in 1/n as the direct fourth-order
terms which we did keep, so that in principle we would have to account for them. However,
this treatment is extremely involved and beyond the scope of this thesis.
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the vectors connecting NN sitesﬁ Since we are working in the limit of small U,
we can assume that the quantum-mechanical ground state is close to a classical
state, and that therefore the ordering-vector concept is applicable. Then

E= %n(n—1)+n2tgcos(Q-6)
8

11
oW Z{nU(l + 2n,(ca)) (cosh 67 — 2 cosh Oy, sinh f_y, + sinh (‘)i) (13.35)
k

-2 ts[cos(Q - &) - cos((Q + k) - 5)] (n,(ca) cosh #; +sinh 67 + nf‘i) sinh Gi)}
5

i 4
+0|| — .
(%))
The fourth-order terms, which are not given here, involve double sums over k
and k'.

To find the ground state, we now minimize F with respect to 0, wk, and Q.
This yields a set of self-consistent equations. The first of these minimizations,
dF[dOy, = 2 (A cosh(20g) + B sinh(26g)) = 0, yields

tanh(?&k) = —Ak/Bk R (1336)

where we defined, now including the fourth-order terms,

Ap = —nU+41nZ(s:tg{[cos((Q—k:)-5)+cos((Q+k:)-6)][1—F(O)+G(O)]
~2¢08(Q - 8) [1-2F(0) + F(8) +2G(0) - G(8)] } (13.37a)
Bk = bk +2b_k

= nU+ ﬁ %:tg { [cos((Q - k)-8) +cos((Q+k)-8)][2n+ F(5) - G(0)]

~2c0s(Q - 8) [2n + F(0) - 2G(0) +G(5)]}, (13.37b)

4In the particular case of the SATL, § = +7T1,2,3 wWith 71 = ez, ™ = (ez + \/§ey)/2, and
T3 = (ez - \/§ey) /2, as defined in Fig.. The associated couplings are tur; =t1, tery 5 = t2.



296 13. Mean-field methods

with

by

nlU + % >ts {cos((@ + k) -8) [2n + F(8) - G(0)]
—cos(Q - 8) [2n + F(0) - 2G(0) + G(a)]} (13.38)

and the correlators (defined using translational invariance)

F(r) = 2(d},dpr)+d(r) (13.39a)
1 & iker (@) 1) I & ikr Br ( (o) 1)
= 2— h(26 Z)=2— ok -
Nzk:e cosh( k)(nk *t3 Nzk:e —B,%—Ai ety
G(r) = -2(d} dl ..)=-2(dydrr) (13.39b)

1 S 1 1 : —Ag (@) 1
= 2— Zelkr sinh(26y) (n(o‘) + 7) =2— Zelkri (n + 7) .
N % k72 N % VBI-Az\'F 2
By virtue of Wick’s theorem (|13.31)), all expectation values can be represented
by these correlators.
The spectrum wy, is determined by the derivate dF/dwyg = 0,

b — b-
Wy = % +\/B2-A2. (13.40)

One can show easily that at k = 0 (where k is the wave vector relative to the
ordering vector @) the gap vanishes, as it should in a quasi-condensed phase
Now, since we are only interested in the ground state, we can put 7' =0 (and
therefore ngca) =0).

In the Bose—Hubbard model, quantum fluctuations are driven by the inter-
action U. Therefore, at U = 0, the classical results should be recovered. Indeed,
in this case sinhfg = 0, and Eq. becomes F(r) = 6(r) and G(r) = 0.
Hence, the expectation values of the fluctuations vanish. In that case, the order-
ing vector takes the classical value, which in the SATL is given by Eq. (3.29). To
describe a change of the ordering vector Q = (Q,,Q,) compared to the classical
value, we have to include its optimization, dF/dQ, = 0 and dF/dQ, = 0 in the

5This is also the case if terms only up to second order are included, both in the Mora—
Castin formulation as well as in the usual Bogolioubov expansion (in fact, at second order
the spectrum coincides for both). In the latter, however, the spectrum acquires a gap when
including fourth-order terms. This artifact is due to the neglect of third-order contributions.
Notably, in the expansion due to Mora and Castin the gaplessness is preserved, indicating
that the division in third- and fourth-order terms is better behaved.
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self-consistent iteration. In the special case of the SATL, these equations are
solved by @, =0 and

] 1y R(r)
Qg = +2 arccos( 2% R(Tl)) , (13.41)

where we defined

R(&)=4n[2n+1-F(0)+ F(§)] +[1- F(0) + G(0)][F(0) - 2G(0) + 2G(d)]
+G(0)[F(0) -2F(8)] + F(8)* - F(0), (13.42)

and where we used G(82) = G(93) and F(d2) = F(d3). One could, in principle,
apply the optimization of the ordering vector also to second-order expansions.
However, in that case a shift of the ordering vector leads to imaginary modes in
the dispersion relation wy, meaning that the state becomes unstable. At fourth
order, these instabilities are usually not present. We expect them to possibly
occur only close to quantum disordered phases (see Chapter .

Now, the knowledge of the correlators I’ and G — as obtained by solving self-
consistently Eqs. (13:37[13:39), and — allows, in principle, to compute
the ground-state expectation value of any desired observable. For example, for
the calculations of Chapter [3.6] we used the variance of the phase and the con-
densate fraction to quantify the degree of order of weakly-interacting ultracold
bosons loaded into an optical lattice. Where the phase fluctuations are large or
the condensate fraction is small, the initial expansion in small condensate fluctu-
ations is no longer justified. This fundamental consistency check also identifies
regimes where quantum-disordered behavior may be expected. The NN phase
fluctuations read

Ay(8) = \/((0pics —00:1)2) — ((5pie5 — 093)
= \/;n[F(O)JrG(O)—F((S)—G(&)]. (13.43)

The condensate fraction n., on the other hand, can be computed from the long-
distance behavior of the correlations. These read

ot 1
(b;rbﬁ = ;Y exp [_EI?’ (ri —Tj)] , (13.44)
where

1
I3(r) = N > (1-cosk-r) [(cosh 0% + sinh 9,%) néa) +sinh 0,26] . (13.45)
k+ko
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Here, we defined v; = /ne'?. In the limit of large distances the correlations
tend towards the condensate fraction,

11

ain A2
ne = lim (b}bi P /m=exp|-—— ——k 1. (13.46)
i (b W N, B~ A



Chapter 14

Formalism of the modified
spin-wave theory with
ordering-vector optimization

Spin-wave theories are typically the first method applied to spin Hamiltonians
because of their low numerical cost and because they are easily generalizable
to a huge class of magnetic models. These theories generally take a classical,
ordered state as a starting point, which they dress with quantum fluctuations
in a perturbative manner. Spin-wave theories often give a good qualitative
overview over occurring ordered phases, but they are not adequate to describe
the properties of disordered ones. Still, often a breakdown of the theory, or a
weakening of magnetic order, can announce at least the appearance of quantum
disordered phases in the true ground-state phase diagram.

An especially versatile variant is Takahashi’s modified spin-wave theory
(MSWT) [224] as it not only satisfactorily describes systems with LRO but also
such with quasi-LRO, making it especially suited to describe low-dimensional
or frustrated models. Compared to the classical reference states, such systems
generally present strong quantum corrections to the predominant type of or-
der. To account for these quantum corrections, we extended the MSWT by
an optimization of the ordering vector [597], as we will describe below. This
improvement allows to satisfactorily describe the most salient features of the
phase diagrams of various frustrated quantum models.

Such frustrated systems are prime targets for QSs, because they may display
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exotic quantum-disordered behavior, and because it is difficult to find accurate
theoretical descriptions of disordered quantum lattice models. On the other
hand, this difficulty makes it hard to tell a priori which systems will present in-
teresting phases in an experiment. Therefore, it would be highly desirable to dis-
pose of a fast tool that can outline quantum-mechanical phase diagrams, point
out candidate regions for disordered phases, and thus classify model Hamiltoni-
ans according to their potential relevance for experimental quantum simulation.
We propose that MSWT with ordering-vector optimization will serve this very
purpose. We have seen the good performance of MSWT in our calculations in
Chapter [3] where we treated models with XY interactions, which are relevant
in the context of QSs consisting of ultracold hard-core atoms in optical lattices.

In this chapter, we first review the MSWT formalism for general XXZ inter-
actions. After that, we will illustrate the possibilities of the MSWT on selected
examples of frustrated Heisenberg models.

14.1 The formalism

Our aim is to determine the phase diagrams of several incarnations of the fol-
lowing general Hamiltonian that describes a large variety of spin systems,

Hs =Y ti; (ST ST +SYSY +AS7S7). (14.1)
(i)

Here, S/ is the p’th component of the spin-operator at site 4, and spins on sites
i and j interact with a strength of ¢;;. We denote the length of the spins by S
and use throughout this chapter units where A, the reduced Planck constant,
as well as the lattice spacing equal unity. At X\ = 0, this Hamiltonian describes
XY interactions, while at A = 1, it describes a Heisenberg magnet, so that it
comprises both the models of Chapter that arise in the context of hard-
core bosonic atoms in optical lattices and the models of Chapter that are
relevant to magnetic materials.

In the following, we discuss the formalism of the MSWT for calculating
ground-state and finite-temperature properties of Hamiltonian . For more
details, see my Diploma thesis [595]. The MSWT has been introduced by Taka-
hashi about 20 years ago to describe low-dimensional Heisenberg magnets [224].
Here, we extend the formulas to encompass both Heisenberg and XY interac-
tions. It can be expected that the validity of the spin-wave approach is even
better justified for XY interactions, since here quantum fluctuations are reduced
by the anisotropy in the spin—spin coupling.
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14.1.1 Expansion around classical reference state

A fundamental assumption of spin-wave theory is that the ground state is
well approximated by a classical state, which shows long-range order (LRO),
dressed with quantum fluctuations. Without restriction of generality, we can
assume that in the classical reference state the spins lie in the a:y—planeﬂ For a
translationally invariant system, like the ones under investigation, the ordered
ground state is then characterized by a well-defined ordering vector Q [see also
Eq. ] Under this assumption, it is convenient to rotate the local refer-
ence system of each spin from (x,y, 2) to (1, (,£) so that the ground state in the
new reference frame has all spins aligned in the same direction. This is achieved
by the following transformation:

ST = -sin(Q-r;)S" +cos (Q-T'i)Sf, (14.2a)
SY = cos(Qri) S +sin(Q i) SS (14.2b)
S7 = _Sif ) (14.2¢)

Then Sf, which will be the quantization axis, lies parallel to the classical spin
S; = (cos(Q-7;),sin(Q-7;),0). Unlike in ordinary spin-wave theories, we do
not make any assumption on the ordering vector Q. In particular, it may well
differ from the one exhibited by the system in the classical limit S — oo, Q°'.

Spin waves around the classical reference state can be described via the
Dyson—Maleev transformation [598], [599], which maps the physical spins to in-
teracting bosons,

1
ST - ——(25-alay)as, 14.3a

g (25 - id) (14.3a)
S; - V28al, (14.3b)
S¢ - -S+ala,, (14.3¢)

where S7* = Sf +15,;". The Dyson-Maleev transformation is an exact mapping
between spins and bosons as long as projectors are retained which keep the
system in the physical subspace, i.e., the subspace where at each site only 2S5
Dyson—Maleev bosons are present at most. It can be shown that these projectors
have the form P = 1 + O[n/(25)]® where n is the Dyson-Maleev boson density
[600]. Hence, under the assumption of diluteness of the Dyson—-Maleev boson

IWithout magnetic field, this is trivially true for XY interactions; and for Heisenberg
interactions one can, in great generality, find classical ground states which fulfill this condition.
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gas, n/(25) <1 (in fact (n) = S, see Sec. [14.1.3), we can safely neglect the P
projectors.

14.1.2 Mean-field approximation
Applying Egs. (14.2) and (14.3) to Hamiltonian ([14.1)) one arrives at the bosonic

Hamiltonian

- 1 it A itata A At oA n
H = Z(%‘)tij{ [25 (azaj+aiaT.)—ala;fajaj—a;:raiaia;f] (A+cos(Q-7i5))

+[28 (aja} +aa7) - agaaza; - alaaa; ] (- cos(Q-ry))

+4[S*- S (&Idi + &}&j) + &I&i&}&j] cos(Q-ry;) }. (14.4)

Here, we have dropped the terms with six boson operators, which are of order
O[n/(25)?] and are negligible for n/(2S) < 1. Moreover the truncation of the
Hamiltonian to this order is consistent with neglecting the the projectors P
which amounts to discarding terms of the same order.

MSWT relies on the minimization of the free energy F = E - TS, where

S=> [(ng+1)In(ng +1) - ng Inng] (14.5)
k

is the entropy of a set of harmonic oscillatorsﬂ To compute the expectation
value E' = (7:[), we make the assumption that the ground state is Gaussian. This
approximation allows to make use of Wick’s theorem, Eq. , to decou-
ple the boson—boson interaction terms, i.e., the terms consisting of four boson

operators. The energy expectation value can then be written as
N 1 1 2
B=(H) = S [5+ ; —F(0)+F(ri—rj)] (A +cos (Q-7iy))
(i5)

2
. [S+ % _F(0) +G(7‘i—rj)] ()\—cos(Q-rij))} . (14.6)

2This treatment is formally very similar to the self-consistent fourth-order Mora—Castin
expansion explained in [13.3.2
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Here, we have defined the correlators

F(ry) - %544 (14.7a)

—
Q>
& o
Q>

(S
~
Il
<
<

A (&Id;) = G (’I“Z'j) . (14-7b)

—
Q>
S
S
<
~
Il

These correlators can be rewritten in terms of independent particles by first
Fourier transforming G = ﬁ Y, a;e *7i where N is the number of sites, and
then applying a Bogoliubov transformation

Gr =  coshfag —sinhbgal, (14.8a)
—sinh 6y, g, + cosh 0y, &tk . (14.8b)

IQ
=
I

Requiring that the Bogoliubov particles be non-interacting imposes (Ggdg) =

(&L&L,) = (0. This condition also removes the anti-Hermitian part of the Hamil-

tonian that has been introduced by the Dyson—Maleev transformation .
The correlators are then

F(r) = % > cosh (20k) e~ (nk + %) , (14.9a)
%
G(r) = % %: sinh (20 ) e~ * " (nk + %) ) (14.9Db)

with ng = (d};dk) =1/ (exp (w/T) - 1) being the occupation number of Bogoli-

ubov mode k at temperature T (with the Boltzmann constant kg set to unity).
The dispersion relation wy is determined self-consistently in the section after
the next one.

14.1.3 Takahashi’s constraint

So far, we have essentially formulated a standard Hartree-Fock theory for the
gas of interacting Dyson—Maleev bosons. A very important modification to this
theory, due to Takahashi [224], is the constraint of zero magnetization at each
site,

1
(Sf>=—5+<d1&i>:—5—5+F(0):0. (14.10)
This constraint effectively reduces the Hilbert space dimension available to the

Dyson—Maleev bosons by fixing their average density to the spin length S. For
S = 1/2-spins in a bipartite lattice, one can in fact show a reduction of the
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Hilbert space dimension from oo (linear spin-wave theory) to %% (MSWT)

which restores, up to logarithmic accuracy, the physical value of 2%V [60T].

Takahashi’s constraint imposes that (n)/(2S) < 1, and it guarantees the cor-
rectness of the truncations of high powers of n/(2S). Finally, if the Hamiltonian
is ZoxU (1) symmetric because of a uniaxial anisotropy, as in the case of interest
in this work, one expects (S¢) = 0. The constraint elegantly restores
this reflection symmetry of the ground state with respect to the quantization
axis.

If the spin Hamiltonian with A = 0 is obtained as the hardcore limit of
the Bose-Hubbard Hamiltonian , it is important to distinguish the Dyson—
Maleev bosons a from the physical b-bosons from which the effective spin Hamil-
tonian originated. The Dyson—-Maleev bosons at a site ¢ quantify the deviation
of the it spin from the local direction in the zy plane set by the ordering vector
Q. On the other hand, the physical bosons correspond to the spin deviations
with respect to full alignment of the spin along the z axis. The particle-hole
symmetry of the bosonic Hamiltonian in the hardcore limit leads to half
filling of the physical bosons, which accidentally coincides with the average fill-
ing imposed by Takahashi’s constraint on the Dyson—Maleev bosons for S = 1/2.
Yet, all other properties are in general quite different. In Chapter [3.2.5] one can
find an instruction to translate spin observables to hard-core boson observables.

14.1.4 The self-consistent equations

The correct spin-wave description is found by minimizing the free energy F
with respect to #; and wy under the constraint (14.10). This leads to a set of
self-consistent equations,

tanh 26y, = A (14.11)
By,
with
Ak = % Ztij ()\—COS(Q'T‘Z'J'))GZ'J' eik.mj 5 (14123)
(i5)
1 ik
Bk = N Ztij [()\—COS(Q"I’IL'J'))GM—()\+COS(Q‘T‘U))FU (1—€k ”)]

{i3)
K, (14.12b)

where p is the Lagrange multiplier for the constraint (14.10) corresponding to
the chemical potential for changing the total magnetization.
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In Eqgs. (14.12)), we have abbreviated F;; = F (r;;), and G;j = G (7;5). The

spin-wave spectrum reads
k=\/B:- AL, (14.13)

and the correlators at the minimum of the free energy take the form
1
F; = —Z—cos(k rlj)(nk+ 2) : (14.14a)
1
Gij = —Z—cos(k r”)(nk-r 2) . (14.14Db)

Note that in the classical limit S — co one gets Gy, Fi; ~ S, and Eqgs.
become analogous to their linear spin-wave theory (LSWT) counterparts.
Inserting Eq. into the dispersion relation shows that a finite
w entails a gap at k = 0. This is in contrast to LSWT where the spectrum
always has a gapless Goldstone mode at k=0. At T =0, one finds ng =0 Yk # 0
and a vanishing p. This implies also the disappearance of the gap at k = 0,
which is a necessary requirement for the appearance of the Goldstone mode
associated with magnetic LRO, and it enables Bose condensation of the Dyson—
Maleev bosons in the k = 0 mode. This condensate is depleted by interactions of
the Dyson—Maleev bosons. The larger this depletion, the more Dyson-Maleev
bosons reside at momenta different from zero, thus decreasing magnetic LRO.
Because of this special role, it is convenient to separate out the contribution of
the zero mode,
(al _oan=o) /N = {ag=odn=o) /N = My . (14.15)

My corresponds to the order parameter measuring the total spiraling magne-
tization for the quantization axes given by the ordering vector Q. Then, one
arrives at the zero-temperature equations

1 By,
F,, = My+— 2k cos (k- Tii) , 14.16a
§ = Moo 2t cos(hemy) (14.16a)

1 Ap
Gij = Mo+-—=)>. —cos (k-7ij), (14.16b)

2N k+0 W
and the constraint (14.10) becomes
1 B

S+ f—Mo+— =k (14.17)

2N 26 wk
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14.1.5 Optimization of the ordering vector

It is not a priori clear that the classical ordering vector Q°' correctly describes
the LRO in the quantum system. To account for the competition between states
with LRO at different ordering vectors @, we extend the MSWT procedure by
optimizing the free energy with respect to this quantity. This procedure, first in-
troduced by Xu and Ting [597], significantly improves the predictions of MSWT.
It amounts to finding the best ordered reference state with in-plane ordering vec-
tor @ (spiral state) whose free energy is minimized not at the classical level, but
including the effect of quantum fluctuations self-consistently within MSWT.

The minimization of F with respect to @), and @, yields two additional
equations

0 1 Z . x
00,7 = 2 <vzj)tij sin (Q - ri;) iy [Fj + G35 =0, (14.18a)
0 }":—12t~sin(Q~r~)ry- [F,2,+G2A]:0 (14.18b)
0Qy 2 @) Y ig) Mg g T My : |

In the SATL (treated in Chapters [3.2] and [14.2.T), one finds @, = 0 and

« ng + Giz
Qr = 2arccos( 2F2 < 0L, ) . (14.19)
Here, 71 = (1,0) and 75 = (1/2,1/3/2) are the primitive lattice vectors, as
defined in Fig. @3, with associated interactions t; and t,. For F;; = Gy, =
S, attained when S — oo, this reduces to the classical ordering vector, Q¢
2arccos (—a/2), QZI =0.

The values of Fj; and G;; can now be calculated by solving self-consistently
Eq. (14.18) together with Egs. (14.10, |14.11H{14.14). At zero temperature,
Eqgs. (14.10) and have to be replaced by Egs. (14.17) and , re-
spectively. Through Wick’s theorem the knowledge of the quantities Fj; and
G;j allows for the computation of the expectation value of any observable. For
example, the in-plane two-point correlation function reads

1
Cij = (8757 + S?SJZ/)/COS (Q - rij) = 3 (Ff] + G?j) . (14.20)

14.1.6 Spin stiffness

The optimization of the ordering vector allows for a straightforward calculation
of the spin stiffness. This additional information, complementary to the order
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parameter, helps us in identifying candidate regions for spin-liquid behavior.
MSWT always returns a single ordering vector Q°, the optimal one. How-
ever, if the true ground state is only short-range ordered, we might expect the
Q-minimum to be relatively shallow, and that a slight change of the ordering
vector barely affects the free energy F. This means that the order is not very
stable against twists of the spin configuration, which can be quantified by the
spin stiffness tensor ,
1
Pap = 1 (Mif% . (14.21)
Q=Q°
Particular important are two coordination-system-independent quantities, the
parallel spin stiffness p| = %Trp = % (pzx + pyy) and the Gaussian spin stiffness

Y =detp. (14.22)

The spin stiffness not only yields deeper insight into the order properties of the
system, it also provides a fundamental self-consistency check of our approach.
In fact, a small spin stiffness casts doubt on the reliability of the spin-wave
approach in describing such a strongly fluctuating state, and hence suggests
that the true ground state might be quantum disordered.

Since a change in Q affects the correlators F;; and Gjj, We must compute T
self-consistently. After finding the optimal Q°, we calculate }' (Qz, Qy) self-
consistently for several fixed ordering vectors Q = Q° + AQ and fit a quadratic
form to the results. Since the minimum in the free energy can be very shallow,
this procedure can be affected by numerical noise. As an approximation to the
true spin stiffness, the partial spin stiffness ppamal can be computed via the
partial derivatives, ¢.e., without recalculating the self-consistent equations. It
reads

2
partial _ 1 0

2 2
Pop = N@Qaan ey Ztm cos (@ - ru)r” i [F +G; ] (14.23)

We define TPartial analogously to Y [Eq. ] as the determinant of the
partial spin-stiffness tensor. The system can lower its energy by adjusting Fj;
and G;; to the new ordering vector, and therefore yrartial i an upper bound to
Y. In some cases, the partial spin stiffness TPl gives a good estimate of the
total spin stiffness Y, but there are cases where it is considerably larger. We find
that the partial spin stiffness is sufficient to extract the location of disordered
phases, but it may not be able to distinguish gapped from gapless spin liquids

(see Chapter [14.2.1]).
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In the following, we present the zero-temperature phase diagram of several
frustrated Heisenberg models, relevant to experiments on magnetic organic salts.
These examples will show the surprisingly good performance of MSWT with
ordering-vector optimization in describing order properties of strongly frustrated
systems. Hereby, an advantage of MSWT theory is that it allows computation in
the thermodynamic limit, simply by replacing finite sums over the first Brillouin
zone with integrals.

14.2 Example: MSWT on frustrated Heisenberg
magnets

Low-dimensional frustrated quantum spin systems can display an intriguing in-
terplay between order and disorder (see Chapter [3)): classical order has been
shown to be quite resilient in two or three dimensions [419, [602-H604]; frustra-
tion, however, can lead to the melting of magnetic LRO and the emergence
of quantum-disordered states like valence-bond solids or resonating valence-
bond states [605] [606]. Understanding such magnetically-disordered quantum
phases is important for the search for fractionalized excitations in two dimen-
sions [605], as well as for the understanding of the behavior of layered magnetic
insulators/metals in which magnetism is disrupted by charge doping, leading
to dramatic phenomena such as superconductivity at high critical temperature
[4], 607, [608]. Since such quantum-disordered states in strongly-correlated lat-
tice systems are notoriously difficult to describe theoretically, it is hoped that
QSs can help to further our understanding of magnetic quantum phases.
A large variety of magnetic materials can be described by the Heisenberg
Hamiltonian
Hs =Y Jij Si-S;, (14.24)
(i5)
where S; is a quantum spin-S operator at site i. The Heisenberg Hamiltonian is
the special case with A =1 of the more general XXZ Hamiltonian . Note
that in the general derivations in Sec. we denoted the couplings by ¢’s, but
in this section we use J’s to be more consistent with the language of magnetism.
In this section, we will focus on the antiferromagnetic (AFM) case for S =
1/2 in two-dimensional frustrated lattices. These are relevant to a variety of
compounds, realizing the spatially anisotropic triangular lattice (SATL) (e.g.,
in CspCuCly [609] and k-(BEDT-TTF)2Cus(CN)g [610) [611]), or the frustrated
(J1J2) square lattice (e.g., in Li;VOSi(Ge)O4, VOMo0Oy [612], BaCAVO(POy4)2
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[613]). For both lattice geometries, the Heisenberg model is expected to display
spin-liquid phases for particular values of the frustrated couplings, although the
extent and nature of these spin-liquid phases is still under theoretical debate,
both for the SATL [237H242] [614H618] and for the frustrated square lattice [619-
627].

In the following, we investigate — using MSWT with ordering-vector opti-
mization — the Heisenberg SATL and its generalization, the spatially completely
anisotropic triangular lattice (SCATL), as well as the square lattice with nearest,
next-to-nearest, and next-to-next-to-nearest neighbor (NN, NNN, NNNN) cou-
plings (the J;J2J3 model [624] [628H630]). We find that these models feature a
very complex T' = 0 phase diagram, with spirally and collinearly ordered regions,
whose ordering vector is subject to strong quantum corrections with respect to
the classical (S — oo) limit. They also feature extended breakdown regions for
MSWT, pointing at the possible spin-liquid nature of the true ground state of
the system. Comparison with numerical results coming from ED and PEPS
calculations show that MSWT correctly accounts for some of the most salient
features of the quantum phase diagram of these systems, and that it hence rep-
resents a very versatile tool to probe the robustness (or the breakdown) of a
semi-classical description of the ground state of frustrated quantum magnets.
As such, it requires a relatively low effort to find parameter regions which might
harbor exotic quantum phases, and which are therefore good candidates for a
useful application of a quantum simulator. The results presented in this chapter
also give important insight into the location of quantum-disordered phases. In
fact, similar to what we have seen in the XY models treated in Chapter |3} in
all considered models disordered phases do not occur at strongest frustration,
but intervene in transitions between different types of (quasi-)order. We pro-
pose that this might be a general behavior, which could facilitate the search for
spin-liquid ground states.

The remainder of this chapter is organized as follows: Section [I4.2.T] presents
the ground-state phase diagram of the SATL with NN Heisenberg interactions.
Motivated by recent works that point out the insufficiency of the SATL to
describe some magnetic compounds, we consider its generalization to the SCATL
in Sec. In Sec. we calculate the ground-state phase diagram of
the JyJoJ3 model. Finally, in Sec. [I4.2.4] we present a short summary of our
findings. The results presented in this chapter can be found in the published
article [241] and in the preprint [631].
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Figure 14.1: (a) Classical ground-state phase diagram of the Heisen-
berg SATL with a sketch of the 1D state at « = 0, the spiral state at « = 1, and
the 2D-Néel state for o > 2. (The horizontal black bonds have strength J, and
the diagonal red bonds have strength J'.) (b) The quantum-mechanical
phase diagram changes considerably due to order-by-disorder effects and the
appearance of spin liquids (from [239] 614]).

14.2.1 MSWT on the SATL

The triangular lattice with Heisenberg interactions has been considered as one of
the first candidate systems for quantum-disordered behavior in the ground state
[605]. It is defined in Fig. [T4.Th, where the interaction strength .J is associated to
bonds along the e, coordinate vector, and J’ to bonds along the 1/2e, +/3/2e,
vectors, and we define « = J'/J.

There are a few well-established limiting cases of the quantum SATL. For
a > 1, one recovers the square lattice limit, where Néel order at the classical
ordering vector persists also in the quantum case [632]. Similarly, in the isotropic
triangular lattice, a = 1, spiral LRO survives quantum fluctuations [633]. The
limit o - 0 corresponds to ensembles of decoupled, critical Heisenberg chains,
with algebraic correlations along individual chains but no correlations between
them.

In the classical limit of S — oo (Fig.[14.1p), the spiral phase spans the entire
region from « > 0 to o = 2, where the transition to the Néel phase happens.
Quantum effects change this classical phase diagram considerably, possibly even
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giving rise to disordered spin liquids. At the low-a side of the spiral phase,
many previous works predict such a disordered phase, which could extend to
as large « as ~ 0.8 — 0.9 [239] 240} 242] 615]. In the following, we term this
predicted disordered region “small-« spin liquid.” It is associated to a spread
of the gapless spin-liquid phase of the isolated chains (J’ = 0) to finite coupling
[239-242], possibly followed by a gapped spin liquid [2394241]. This double-
nature of the disordered region is still under debate, since some works only find
a gapless spin liquid [242]. Consistently, however, all these methods predict that
quantum fluctuations disrupt ordering tendencies between the chains even for
relatively large inter-chain couplings, leading to an extended quasi-1D critical
phase. But consent about the physics in this region seems far from reached. For
example, recent DMRG studies entirely question the existence of the small-«
spin liquid(s) [238]. And a recent renormalization-group analysis [237] found
collinear AFM long-range order in the region « < 0.3 (see also [618]), and at
larger « spiral order. The extreme weakness of the latter leaves the possibility
of observing a disordered phase in the true ground state in the parameter range
0.3-0.5.

Coming from the large-a limit, it is commonly accepted that order-by-
disorder effects due to quantum fluctuations stabilize the Néel phase consid-
erably compared to the classical model, moving the point where Néel order
disappears downwards from the classical value o = 2 to values between o ~ 1.1
to 1.67, depending on the method used [238, 24T, 242] 614, [634], 635]. Fur-
ther, several methods predict that quantum fluctuations spread the transition
point between the Néel and the spiral phase into a quantum-disordered phase
[247), [614] [615] 634]. In the following, we term this predicted disordered region
“large-a spin liquid.” The classical phase diagram is contrasted with the quan-
tum mechanical one (composed from Refs. [614] and [239]) in Fig. It is
interesting to notice that it is qualitatively very similar to the one on the SATL
with XY interactions, as described in Chapter [3.2] (see also Refs. [202] 225]).

A variety of experiments have been carried out on magnetic compounds
described by the Heisenberg model on the SATL, with results that are still con-
troversial. For instance neutron scattering experiments of Coldea and coworkers
[609] on CsyCuCly, where a ~ 1/3, claimed evidence that the low-energy physics
is governed by spinons, fractionalized excitations with S = 1/2 which repre-
sent the elementary excitations in the case of uncoupled chains. Yet, Kohno,
Starykh, and Balents [617] showed that, for a finite inter-chain coupling, spinons
tunnel between chains in bound pairs with S = 1 (so-called triplons), so that
the fractionalization in two dimensions is strictly speaking not present. Kohno,
Starykh, and Balents [617] argue that the spinons in CssCuCly are descendants
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of the excitations of the individual 1D chains and not characteristic of any exotic
2D state. This further reinforces the idea of a quasi one-dimensional behavior up
to relatively high inter-chain interactions mentioned in the previous paragraph.

In the following, we discuss the ground-state phase diagram of the S = 1/2
SATL with NN Heisenberg interactions. We apply the MSWT in the thermo-
dynamic limit, and, in order to assess its validity, compare its predictions with
ED, for which we compute (using the Lanczos method) the ground state of small
clusters of 14, 24, and 30 spins. The considered geometry for the 30-spin system
can be found in Fig.[3.2c. The 24-spin system can be obtained from it by remov-
ing the top and bottom rows. The 14-spin cluster is an equivalent system with
rows of 2, 3, 4, 3, and 2 spins. The clusters are chosen for their symmetry with
respect to reflection along the coordinate axis, and for their ratio of the number
of J'-bonds (red) to the number of J-bonds (black), which lies close to the bulk
value of 2. We use open boundary conditions to allow for the accommodation
of incommensurate spiral order.

MSWT ground-state energy in comparison with previous results

As a first step in our analysis, we compare the energy from MSWT to other
methods. We find quite good agreement to data that were obtained by Yunoki
and Sorella by variational QMC methods [239], shown in Fig. This agree-
ment suggests that MSWT yields reliable predictions despite its simplicity. For
comparison, we also show in Fig.[14.2)the data that Yunoki and Sorella obtained
with a projected-BCS (p-BCS) wave-function [239]. To further judge the qual-
ity of the MSWT predictions, we now compare them to ground-state energies
derived with various other methods, focusing on a few special values of a. The
corresponding data can be found in Table [I4.1]

In the isotropic triangular lattice, the MSWT energy compares favorably
to the data from the Green’s function Monte Carlo method with stochastic
reconfiguration (GFMCSR) by Capriotti, Trumper, and Sorella [633], but both
energy and order parameter lie closest to the variational QMC calculation from
Weber et al. [636], who used a mixture of a BCS wave-function and a wave
function with spiral order as their starting point (BCS+spiral). MSWT predicts
a smaller energy than LSWT as well as 1/S expansion [228| 640], but since
neither of these methods is variational this does not rigorously mean that the
MSWT ground state is better.

At o = 0, the MSWT value Ey (o =0) = —0.4647 is relatively close to the
exact result of the one-dimensional case, —(In2-1/4) = -0.44315. However, it is
located below the exact value. Again, this is due to the non-variational nature
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Figure 14.2: Ground-state energy for the quantum Heisenberg SATL.
MSWT results lie close to those from previous studies. Shown are the data
due to Yunoki and Sorella [239] of a variational QMC (VMC) Ansatz with a
projected BCS wave-function (p-BCS) and the improved FN effective Hamil-
tonian method (FNE); the value obtained for oo = 1 by Weber et al. [636] using
a VMC method with a mixture of a BCS and a spiral ordered wave-function
(BCS+-spiral); and the exact result of the 1D limit. The numbers in the labels
are the respective system sizes.
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Method a=0 a=0.7 a=0.8 a=1 o =00 Mata=1
exact, thermodynamic limit —0.443147

exact, N = 30 (present study) -0.4127 -0.5471 0.1314
exact, N =40, extrapolated [632] -0.6701

VMC (RVB) [239] -0.5123(1) 0.0

VMC (RVB with g =0) [239] ~0.5291(1) 0.0

VMC (BCS-spiral) [636] -0.532(1) 0.36

VMC (p-BCS) [239] -0.442091  -0.46467 -0.47840 -0.5357(1) 0.0

FN [239] -0.47051 -0.48521  —0.53989(3) 0.1625(30)
FNE [239] ~0.47171  -0.48691 -0.54187(6) 0.1765(35)
GFMCSR [633] 637] ~0.545(2) 0.205(10)
DMRG [568] 0.205(15)
QMC [638] ~0.669437(5)

series expansion [637] ! -0.6696(3)

series expansion [639] ! -0.5502(4) 0.19(2)
LSWT [239) 637]" ~0.538(2) 0.2387
1/S expansion [640] 0.266

1/S expansion [228]! -0.5468 0.24974
SBMFT [641]! -0.5697 0.275
MSWT (present mﬂa%vw —-0.4647 -0.4639 -0.4775 -0.5303 -0.6699 0.3426

! These methods do not provide a rigorous upper bound for the ground-state energy.

Table 14.1: Comparison of the ground-state energy per spin derived by various methods, for some values
of a. Abbreviations are as follows. VMC: variational QMC (with the underlying wave function in brackets);
FN (FNE): (improved) lattice fixed node effective Hamiltonian method; SBMFT: Schwinger-boson mean-
field theory; GFMCSR: Green’s function Monte Carlo with stochastic reconfiguration. Also included are the
exact result for a = 0 in the thermodynamic limit (which can be computed via the Jordan—Wigner transform,
, the ED results for the 30-spin cluster, and ED results from finite-size extrapolations of
calculations on clusters of up to 40 spins [632]. Given the simplicity and flexibility of MSWT, the quantitative

see Chapter

agreement is satisfactory. The last column gives the order parameter for the staggered magnetization.
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of MSWT. We also notice that the ground-state energies derived from ED of
the 30-site system lie close to the predictions from other methods except in the
1D-like phase, o < 0.5. This could be attributed to the small system size: if for
small « the Heisenberg SATL is in a 1D-like phase with algebraic correlations,
finite-size effects naturally play an important role in that region. This would
explain the strong deviation of the ED energy in that parameter region.

On the square lattice (o« — oo0), Takahashi showed already twenty years
ago the extremely good performance of MSWT [224]; its ground-state energy
per spin is —0.6699, which is in excellent agreement with the QMC result
-0.669437(5) [638].

Parameter regions where MSWT fails to converge

Convergence in the self-consistent equations of MSWT with ordering-vector
optimization, Eqs. (14.11H{14.17] [14.19), cannot be achieved in selected regions
of the ground-state phase diagram, namely for o < 0.65 and for 1.14 < « §
1.3. (Interestingly, convergence is restored in the pure 1D limit, o = 0, for
which the theory formulates surprisingly good predictions.) This breakdown of
convergence corresponds to the appearance of an imaginary part in the spin-
wave frequencies (14.13), signaling an instability of the ordered ground state.

As discussed in Chapter [3.2] the breakdown of a self-consistent description
of the system in terms of an ordered ground state is strongly suggestive of the
presence of a quantum-disordered ground state in the exact behavior of the sys-
tem. Hence, one can interpret these parameter regions as candidates for the
spin-liquids predicted from Refs. [239, 614] (see Fig. [[4.1p). The breakdown
regions of MSWT appear to be fully contained within the regions of spin-liquid
behavior estimated in Refs. [239] [614]. Hence, MSWT is seen to possibly un-
derestimate the width of the quantum-disordered regions in the phase diagram,
which is to be expected due to the partial account of quantum fluctuations given
by MSWT.

Order parameter and spin stiffness from MSWT

Our next, complementary step is to determine the regions where the presence
of a finite order parameter M, and spin stiffness T reveal magnetic LRO. Even
when these are finite, a caveat is still in order: a finite order parameter with
a very small stiffness might suggest that taking quantum fluctuations more
completely into account than in MSWT could lead to a completely disordered
state.
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A finite order parameter M, (Fig. and spin stiffness (Fig. show
that magnetic LRO is present in the intervals 0.65 < « < 1.14 and a > 1.3. Both
order parameter and spin stiffness decrease upon approaching the regions 1.14 <
a $ 1.3 and « $0.65, which are the parameter regimes where the self-consistent
description breaks down. This finding further corroborates the assumption that
in these regions magnetic LRO disappears in the true quantum ground state.
This is to be contrasted with LSWT, which predicts the breakdown of magnetic
order only for o $ 0.3 [642]. Further, the vanishing p,, at a - 0.65% is not
consistent with a gapless spin liquid, since in such a critical phase, the spin
stiffness along the chains remains finite. This gives support to the assumption
that the quantum ground state hosts a gapped spin liquid in this region (see
Fig. [14.1p).

In the square lattice limit, o — oo, on the other hand, MSWT attains a
finite staggered magnetization of 0.303 (coinciding with the LSWT value), which
compares favorably with the most recent estimates My = 0.30743(1) from QMC
calculations [643]. For the spin stiffness, MSWT gives in this limit pj/« = 0.216,
somewhat overestimating the value from QMC pj/a = 0.175(2) [638].

In the isotropic case, o = 1, the spin stiffness from MSWT is pj/a = 0.113.
This value falls between the LSWT prediction, pj/a = 0.122 [644], and the

estimate obtained from ED calculations after finite-size extrapolation, pj/a =
0.075 [644]. The large-S expansion result, pj/a = 0.070 [640], on the other hand,



14.2 Example: MSWT on frustrated Heisenberg magnets 317

o
p—

L L |
- classical
. 2' <« MSW, partial
2 4x107°T| = MSW
% I
?‘5 |
: -
= I
= 2x1071
g0 ,
] Ve
QO - e
e
0 ------- ol N 1 .:/ N
0 0.5
b)0,8""I""I""I""I/.«
-+ classical ”
[+ P, MSW, partial ’
0.6 « pyv, MSW, partial
B hd p.rx’ MSwW
a4 P,y MSW

Figure 14.4: (a) The Gaussian spin stiffness T vanishes at o = 0.65" and it
drops significantly when approaching « = 1.14 from below, suggesting the weak-
ening of magnetic order. (b) Components of the spin stiffness tensor.
pyy vanishes at o = 0 and when reaching a = 0.65 from above. p,, decreases
strongly when approaching o = 0.65" and a = 1.147, suggesting the onset of
gapped spin-liquid phases. The mixed second derivative p,, vanishes for sym-
metry reasons. The curves labeled ‘partial’ were obtained via Eq. .
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is closer to the ED result than the MSWT value. Notably, at this value of «, the
MSWT order parameter is considerably higher than what is predicted by LSWT.
Comparison to the best numerical estimates, which are presented in Table
shows that in this respect MSWT performs worse than other analytical methods,
like Schwinger-boson mean-field theory (SBMFT) [641] or 1/S expansion [228|
640]. Nonetheless we notice that among all analytical predictions surprisingly
LSWT gives the one which is the closest to the more recent numerical estimates.
This strongly suggests that an adequate account of quantum corrections to the
magnetization is a hard task for theories accounting for spin-wave interactions
at a perturbative or mean-field level, and that non-perturbative approaches or
approaches beyond mean-field theory would be necessary. Another explanation
of this discrepancy could lie in corrections to the spin-wave expansion of third-
order in the boson operators. These are neglected in our approach, but they
can become important in spiral configurations [228].

In the limit of decoupled chains, o =0, MSWT achieves convergence (which
was lost in the interval 0 < o < 0.65) and provides a spin stiffness p,,/a = 0.309
in the thermodynamic limit. As for the ground-state energy, this value lies
relatively close to the exact result in the thermodynamic limit, p,./a = 1/4
[230].

Ordering vector and chirality correlations from MSWT

Now, we describe the ordered phases found by MSWT for the Heisenberg SATL
in more detail. To this end, we analyze the the ordering vector Q, given by Eq.
(14.19)), and the chiral order parameter U™, defined in Eq. (3.33)). The chiral
order parameter is finite in spiral phases. For the ordering vector, three limiting
values are known. For « = 0, intra-chain AFM (Néel) order is described by
Q = me,. For a - oo, square-lattice Néel order is described by Q = 27e,. In
the isotropic lattice (« = 1), the threefold symmetry forces the ordering vector
to Q = %rem.

A comparison of these quantities (Figs. and shows a spiral phase
at around 0.65 $ a $ 1.14 and a 2D-Néel ordered phase for o > 1.3. Moreover,
when approaching a » 0.65 from above, the spin—spin correlations (not shown),
the ordering vector, and the ground-state energy approach their respective 1D
values. This is an indication that below « » 0.65 the true ground state of the
system may enter a 1D-like spin-liquid phase. Nonetheless, as mentioned before,
the vanishing of the spin stiffness p,, for a - 0.65" is not consistent with the
onset of a gapless 1D spin-liquid phase, for which the spin stiffness should remain
finite. Hence, the MSWT results rather suggest that the phase appearing below
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Figure 14.5: Ordering vector. (a) Q, from MSWT [Eq. (T4.19)] shows a
considerable shift with respect to the the classical and the LSWT results. The
black circle marks the order vector Q, = 120° of the isotropic triangular lattice.
(b) For ED, @, depends strongly on whether it is derived from M® or from
M?#. Also, the difference between the 24 and the 30 site cluster is significant.

a = 0.65 is a gapped spin liquid, and that the gapless 1D spin-liquid phase,
connected continuously with the limit « = 0, is only attained for even smaller
«. This seems consistent with the prediction of Yunoki and Sorella [239] that a
gapped spin-liquid phase separates the spirally ordered phase from the 1D-like
gapless one.

Order parameter and correlations in comparison with ED

In the case of ED, the static structure factor

1 ik
S (k) = 5 LASISFY e ™™ (n=2,9,2) (14.25)

i,J

allows to extract the order parameter M* = \/S,,(Q)/N, where Q is the
ordering vector associated with a peak in S, (k). In the thermodynamic limit,
this is equivalent to My from MSWT. A comparison of both quantities can
be found in Fig. [[4:3] We find that, due to the peculiar geometries chosen,
there exist parameter ranges where the ED ground state falls into the threefold
degenerate triplet with total spin equal to unity. Nonetheless, we restrict our
calculations to the Mt = 0 subspace (with M!°*%! being the z component
of the total spin), and the M;Otal = +1 states are excluded. This results in an
apparent breaking of the z—z symmetry (the z—y symmetry is preserved). This
symmetry would be recovered by averaging over the whole triplet subspace.
The reason for such an apparent symmetry breaking resides in the particular
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geometry of the clusters considered, which complicates the comparison between
different system sizes. This triplet physics might play an important role for
bigger systems, although we cannot draw conclusions about the thermodynamic
limit from the small clusters considered. A non-trivial triplet physics could be
especially an issue for variational methods restricting their focus to the singlet
subspace.

Discontinuous jumps in the ED magnetizations are due to the change of the
spin sector hosting the ground state, going from the singlet sector (characterized
by M?* = M?) to the triplet sector (characterized by M* # M#*). We observe
severe deviations between the ED data on the one side and the predictions from
LSWT and MSWT on the other side. In particular, apart from the deviations
between M® and M?, the ED data appears to be almost constant over a large
« interval. The strong difference between ED results on the one hand and
MSWT/LSWT predictions on the other can also be attributed to significant
finite-size corrections to the ED data, which are particularly pronounced here,
due to the open boundary conditions of the ED clusters. Nonetheless, for o =1
the magnetization of the 30-site cluster gives M* = M~* ~ 0.13, lying close to
recent Monte Carlo estimates [240].

From the location of the peak of the structure factor one can extract the
vector of predominant ordering, @, the z-component of which is plotted in
Fig. For MSWT, we observe a significant shift with respect to the classical
and LSWT results (Fig. [14.5h). Remarkably, for ED of the 30-site cluster, the
ordering vector corresponding to M?* (labeled @Q* in the figure) indicates a
transition from spiral to Néel order at around « ~ 1.4, which lies well below
the classical threshold a = 2 (Fig. ) On the contrary, the ordering vector
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corresponding to M?* (labeled Q%) increases smoothly up to a ~ 2, where it
undergoes a discontinuous transition to the square-lattice Néel value. However,
increasing the system size from 24 to 30 spins shifts significantly the curves of
Q" and Q7 to the left, suggesting that for even larger sizes both curves might
exhibit a discontinuous transition to the Néel ordering vector for a value of «
close to the transition indicated by MSWT, a ~ 1.3. Finally, we notice that at
a =1 the ED results deviate from the isotropic value @, = 120° because the
threefold symmetry is broken by the shape of the simulation cluster, Fig. [3.2k.

Finally, we focus on the chirality correlations. Comparing such correlations
for the 14, 24, and 30 spin clusters shows that they are strongly suppressed for
a $0.5 and for a 2 1.4 when going to larger lattice sites. This indicates that a
non-spiral phase appears in this region in the thermodynamic limit, in agreement
with our MSWT calculations. The persistence of significant correlations in the
region 0.5 $ « $ 1.4 indicates that spiral order in the ground state might persist
in a portion of this parameter range.

In summary, despite the significant deviations in the magnitude of the order
parameter, both ED and MSWT give a coherent picture, both qualitatively
and quantitatively, of the evolution of the nature of spin-spin correlations upon
increasing «, going from quasi-1D to spiral to Néel.

Discussion

Despite its limitations, MSWT with ordering-vector optimization reproduces
faithfully the main characteristics of the phase diagram of the quantum SATL
as sketched in Fig. [I41p, and thus remarkably improves on the results that
were previously obtained for this model with conventional spin-wave theories.
A breakdown of magnetic order — along with a variety of observables like the
ordering vector or NN spin—spin correlations — indicates that a 1D-like spin
liquid might be attained below « ~ 0.65. Due to the partial account of quantum
fluctuations provided by MSWT, we can safely take this as a lower bound for
a spin liquid in the true ground state. Furthermore, we find a relatively small
region with spiral LRO between 0.65 $ o $ 1.14. For « 2 1.30 the system is
ordered at the 2D-Néel wave-vector. Between 1.14 $ v $ 1.30 the breakdown of
convergence suggests another candidate region for spin-liquid behavior.
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14.2.2 MSWT on the spatially completely anisotropic tri-
angular lattice (SCATL)

As seen in the last section, there are strong indications that the AFM Heisenberg
SATL harbors spin-liquid phases. Initially, these were assumed to appear at
strongest frustration, but they seem to actually occur at transitions between
two different types of order. To identify if this is more general, we here analyze
— again using Takahashi’s MSWT complemented by ED — a generalization of
the SATL, the spatially completely anisotropic triangular lattice (SCATL)E|

In the SCATL, the NN couplings J;; along all three lattice directions are
different, see left side of Fig. (with ¢’s replaced by J’s). For simplicity, we
will work throughout this section in the associated square lattice (right side of
Fig. [3.15), where the vectors connecting NN sites are 71 = (1,1), 72 = (0,1),
and 73 = (-1,0), and define J,, =J, Jr, =J', and J-, = J”. An advantage of
the SCATL geometry is the possibility, given by the additional anisotropy, to
approach the putative spin-liquid phases from different angles, possibly revealing
crucial information not only about their location in parameter space, but also
about their nature. Indeed, the results presented in this section suggest that
the gapped spin liquids of the SATL, apparently two distinct phases, might
actually be continuously connected via the additional anisotropy of the SCATL.
Studying the persistence and characteristics of the putative spin-liquid phases
with respect to this additional anisotropy is the first main aim of the present
section.

The second main aim is related to experimental findings in magnetic ma-
terials. While the SATL has found considerable attention in recent years, to
our knowledge the ground-state phase diagram of the Heisenberg SCATL has
never been thoroughly investigated. Recent first-principles calculations, how-
ever, show that some magnetic materials that are well described by weakly-
coupled 2D triangular lattices, such as the organic salts Me,_,, Et,, Pn[Pd(dmit)s]2
(abbreviated Pn —n) [645], TMTTF [646], or BaAgsCu[VOy]2 [647] can have
considerable anisotropies between all three intra-plane couplingsé Typically, to
locate the material within the well-studied SATL model, the two closer bond
strengths have been averaged. However, this places materials such as Sb-0 and
As-2, which are experimentally found to be AFM ordered, into a region of the
phase diagram, where according to many theoretical studies [239H242], [615] no

3The S = 1/2 AFM SCATL with XY interactions, motivated by recent experiments with
frustrated bosonic atoms in optical lattices, is treated in a similar way in Chapter

4Although in the last material the physics is dominated by a superposition of antiferro-
magnetic and ferromagnetic 1D chains.



14.2 Example: MSWT on frustrated Heisenberg magnets 323

LRO should exist. The second aim of this section, therefore, is to show that the
additional anisotropy between the couplings could explain this discrepancy nat-
urally, since it shifts the parameter values corresponding to these materials into
an ordered phase. This also suggests that the spin-liquid state is quite sensitive
to this additional anisotropy, which therefore has to be taken into account when
interpreting experiments.

Known limiting cases

Before proceeding to the computation of the phase diagram of the quantum
Heisenberg SCATL, let us first discuss briefly some well-known limiting cases.
This helps us to assess which phases and quantum effects are to be expected in
the phase diagram of the SCATL.

For (J'/J,J"[J) = (1,0), (J'/J,J"]J) = (0,1), and J'/J,J"/J > 1, one
recovers the square lattice limit. Here, Néel order at the classical ordering vector
persists also in the quantum case [632]. Similarly, in the isotropic triangular
lattice, J' = J" = J, spiral long-range order survives quantum fluctuations [633].
The limits (J' = J” = 0), (J' - oo with J” = const), and (J” — oo with
J' = const) correspond to ensembles of decoupled Heisenberg chains. In this
limit, each chain is critical with algebraic decay of correlations along the chains
but no correlations between different chains. For J' = J” = oJ (or, equivalently,
J"=J or J” =), one recovers the SATL discussed in the previous section (see
Fig. for its phase diagram).

The classical phase diagram (equivalent to S — co) can give some further in-
tuition about possible ordered phases. For Heisenberg interactions, it is equiva-
lent to the solution for XY spins as obtained in Chapter if (without
loss of generality) we focus on the classical solution where the spins are oriented
in the zy-plane. The classical phase diagram can be found in Fig. The
Néel phases spread around the square-lattice limits [(J'/J, J"/J) = (1,0) with
Q° = (0,7), [(J']J,J"]J]) = (0,1) with Q< = (=,0), and J'/J,J"[J > 1 with
Q°' = (7, 7)]. The spiral phase, with continuously varying ordering vector con-
nects smoothly to the Néel phases, and occupies the extended region between
them. In particular, it extends down to J'/J = J"/J =0 [and, symmetrically, to
(J'|J=1,J"]J - o0) and (J"[J =1, J'|J — o0)], where the system decouples
into an ensemble of 1D chains.

From our experience with the frustrated spin systems treated in this the-
sis, we can expect appreciable changes to the classical phase diagram due to
quantum fluctuations. To compute the quantum phase diagram, we again make
use of Takahashi’s MSWT (in the thermodynamic limit). We compare these
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approximate results to ED of a 15-site lattice, as depicted in Fig. Again,
we leave the boundaries open to account for incommensurate ordering vectors.

MSWT and ED results — ordering vector and order parameter

We obtain an overview of the quantum-mechanical phase diagram of the SCATL
from the ordering vector @ and the order parameter M. Afterwards, we will
analyze complementary observables. For Heisenberg interactions, we define the
magnetization for ED as

MPP = \/S(QFP)/N = [ 3 S*(QFP)/N, (14.26)

a=z,y,z

where the ED ordering vector Q®P is located at the peak of the structure fac-
tor S(k), as defined in Eq. (14.25). As seen in the MSWT and ED ordering
vectors, presented in Fig. [[4.7] quantum fluctuations stabilize the Néel phases
compared to the classical case, as already observed in the SATL. In the central
region around J’' ~ J"” ~ J, the ordering vector indicates spiral order with a
broad range of incommensurate ordering vectors. The finite MSWT order pa-
rameter (Fig. left panel) suggests that in these phases indeed long-range
order survives quantum fluctuations. (Note that the self-consistent MSWT cal-
culations become relatively unstable for small order parameters, which results
in the ragged boundary lines of the ordered phases.)

In the Néel phases, the ED order parameter (Fig. right panel) is max-
imal, giving support to the assumption that here LRO persists. However, it is
much smaller in the spiral phase than the MSWT value, a discrepancy already
found in the SATL, Sec. and the XY models treated in Chapter

Between the ordered regions, we find a broad region where the MSWT theory
breaks down, indicating as usual that these regions do not allow a description
in terms of an ordered, semi-classical state. This, in turn, hints at quantum
spin-liquid phases. Therefore, it appears that it is a quite universal feature of
frustrated quantum antiferromagnets that spiral- and collinearly-ordered phases
are always separated by quantum disordered phases. This is the first main result
of this section.

We obtain further support to this interpretation (which we will further cor-
roborate in the next two sections) from the strong decrease of the MSWT and
ED order parameters upon approaching the breakdown region (Fig. . Note
also that both the ED and MSWT order parameter seem to disappear smoothly
when approaching the putative 1D-like spin liquid (consider, e.g., in the range
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O

Figure 14.7: Phase diagram of the quantum Heisenberg SCATL, or-
dering vector. Upper row: MSWT data. Quantum fluctuations stabilize
the Néel phase. Around J' = J”, a part of the classical spiral phase sur-
vives quantum fluctuations. Labels for the ordered phases can be found in the
upper left panel. The solid symbols (upper right panel) denote some experi-
mental materials (see Table [[4.2). (For clarity, we show only symbols in the
lower right part of the figure, excluding points which are connected by sym-
metry between J, J', and J”.) A: magnetically disordered; ®: charge-ordered;
m: AFM LRO. Note especially the two m at (J'/J,J"/J) = (1.44,0.84) and
(J'}J,J"]J) = (1.36,0.82) marking the materials As-2 and Sb-0, which lie well
inside a Néel ordered phase. Neglecting the asymmetry between the couplings
would put As-2 into the supposedly disordered region and Sb-0 just at its
boundary (0). Lower row: ED data for N =15 sites. Already at this small
system size, it can be appreciated that the Néel phase grows at the expense of
spiral order.
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1 2
J/J

Figure 14.8: Phase diagram of the quantum Heisenberg SCATL, or-
der parameter. ED results qualitatively confirm the MSWT phase diagram.
In particular, the order parameter for both methods decreases rapidly upon
approaching the MSWT breakdown regions.

25J]J <3, J7J - 17). Upon approaching the putative large-a spin liquid
dividing spiral from Néel LRO, on the other hand, for ED the order parameter
decreases sharply (consider, e.g., the line J'/J =1, J"/J - 17), and for MSWT
the breakdown occurs abruptly at finite order parameters. This points at a dif-
ference in the type of phase transition upon approaching the large-« spin liquid
and the spin liquid at the decoupled-chains limit.

The second main result of this section concerns experimental measurements
of ground-state behavior of some materials, taken from the article by Scriven and
Powell [645] (see also the reviews [648][649]), as well as from the works by Coldea
et al. [650] (Cs2CuCly) and by Ono el al. [651] (CsoCuBry). For reference, the
corresponding data are presented in Table and included as solid symbols in
the upper right panel of Fig. We mark magnetically disordered materials
(spin liquids, resonating valence-bond states, or valence-bond solids) with trian-
gles, charge-ordered materials with bullets, and antiferromagnetically ordered
materials with squares. Including the full anisotropy of the triangular lattice, all
ordered materials lie within the ordered phases from MSWT theoryEl In particu-
lar, the AFM ordered materials As-2 and Sb-0 [at (J'/J, J"[J) = (1.44,0.84) and

5Some magnetically disordered materials are erroneously found in ordered regions of the
MSWT phase diagram. However, it is known that MSWT overestimates ordered phases.
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material (J']J,J"]J)  state Table 14.2: Some relevant materi-
’ als for which the ground state has been

N-3 (10, 9.1) AFM  measured in experiment, together with

P-2 (2.63,1.89) AFM the coupling strengths, and the state
Sb-2 (2.08, 1.79) CO they are found to be in (from Refs. [645)]
Sb-1 (1.72, 1.49) SI, 1650, [651] and references therein). AFM
k-CN (1.41, 1.41) gI, stands for antiferromagnetic LRO, CO
P-1 (1.32, 1.32) VBS for charge ordered, SL for spin liquid,
Cs (1.16: 1.16) co ?/BS for valence—lbondbsoligl, and RVB
Sh-0 (0.74’ 0.60) AFM or resonating valence-bond state.
CsyCuBry  (0.74,0.74)  AFM

As-2 (0.69, 0.58) AFM

CsoCuCly  (0.34, 0.34) RVB

(J'[J,J"]T) =(1.36,0.82)] lie well inside a Néel ordered phase. If one neglects
the anisotropy between J’ and J”, taking the mean of both couplings as is usu-
ally done, they would lie at the position of the empty squares at (J'/J, J"[J) =
(1.57,1) |equivalent to (J'/J,J"/J) = (0.64,0.64)] and (J'/J,J"/J) = (1.50,1)
lequivalent to (J'/J,J"/J) = (0.67,0.67)] — inside a phase where many methods
[239, 240], 242} [615] predict disorder; specifically, within MSWT, symmetriz-
ing the couplings puts Sb-0 just at the border to the breakdown region (which
should be a lower limit for disorder in the true ground state) and As-2 within it.
The appearance of AFM Néel LRO in these experiments might find, therefore, a
simple explanation in the full anisotropy of the SCATL. This second main result
of this section shows how crucial the full anisotropy is for the interpretation of
experimental data. The rest of this section is devoted to fleshing these main
findings out.

Supporting observables from MSWT — spin stiffness and spin-wave
velocities

In Chapters [3] and [I4:2.T] the spin-stiffness tensor has proven a valuable con-
sistency check of our MSWT calculations, because it characterizes how stiff the
magnetic order is under change of the ordering vector. Since for our purposes
it is enough to extract an upper bound for the spin stiffness, we here use the
partial derivative . While it may not be able to distinguish gapped from
gapless spin liquids, it still seems adequate to capture the location of disordered
regions. In Fig. [14.9] we show the determinant of the spin-stiffness tensor,
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Figure 14.9: The partial spin
stiffness (normalized to the
coupling strengths 1 + J' +
J") decreases upon approach-
ing the MSWT breakdown re-
gion, suggesting the disruption
of magnetic LRO.

det(p), normalized to the coupling strengths 1+ J' + J”. As we should expect
[258], det(p) decreases upon approaching the phase transitions, especially from
the Néel-ordered side. At large J' (J"), this decrease is due to a softening of the
stiffness in x (y) direction, and at small (J'/J,J"/J) in the direction perpen-
dicular to 7, i.e., perpendicular to the dominating coupling strength (as can
also be seen in the SATL, Chapter [14.2.1)).

Another indicator for approaching disordered phases is given by the spin-
wave velocities v, ,, as defined in Eqs. (3.38). Since they can be measured
directly from the spin-wave dispersion, they allow an experimental check of our
findings. As seen in Fig. [I4.10] close to the 1D breakdown region they, too,
soften in the direction perpendicular to the dominating coupling. On the other
hand, when approaching the putative large-a spin liquid dividing the spiral
from the Néel phase, both spin-wave velocities remain finite. This is another
(besides the different behavior of the order parameter) indication that the large-
« spin liquid is qualitatively different from the spin liquid found in the limit of
decoupled chains.

Supporting observables from ED — energy derivative, gap, and chiral
correlations

The ED observables investigated above, order parameter and ordering vector,
allowed to interpret the predominant ordering behavior, but did not yield clear
evidence if within ED really quantum phase transitions (QPTSs) exist, and if
yes, where their boundaries lie. The second derivatives of the ED ground-state
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Figure 14.10: The spin-wave velocities (normalized to the coupling strengths
1+ J"+J") soften in the 1D limits in the direction perpendicular to the dom-
inating coupling strength. Differences in the spin-wave velocities might allow
to measure the anisotropy of the SCATL.

energy, which we plot in Fig. [14.11] can provide such an indicator. In fact, in
the thermodynamic limit, it should diverge at a QPT.

Indeed, there are clear peaks along lines similar to where in MSWT the Néel
order breaks down. Also, a peak appears around (J',J") = (1,1). This might
be interpreted as the precursor of a QPT away from the spiral state, and to
an intermediate phase, possibly the spin liquid that is supposed to exist in this
system.

From the ED energy gap between ground and first excited state, Fig.
we get further support for the phase diagram that has emerged so far. In the
well-known limiting cases of the SCATL, it behaves as expected: There is no gap
close to the decoupled-chains limits, since the system is then in a critical phase.
In the Néel-ordered phases, there is a large gap which separates the ground state
from closely-spaced excitations, which in larger lattices become the spin waves,
collapsing slowly towards the ground state [23I]. This is consistent with the
considerable size dependence found in our calculations, as can be seen in the
right panels of Fig. .14.1217 where we plot cuts of AEEP at fixed J”/J =1,2,3
for triangular systems (similar to the one in Fig. with N =6,10,15.

On the contrary, there is no gap in the spiral-ordered phase, because the
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Figure 14.11: Second derivative of ED ground-state energy for the N = 15
system. For clarity, we plot the logarithm after a shift to positive values larger
than one, L(0*(E/N)/8J"?), where J" is J' or J”, and L(z) = log(1+max(x)-
z). Strong peaks clearly mark the phase transitions from the Néel phases. An
additional peak around (J',J"”) = (1,1) might be an indication of an additional
phase separating the Néel phases from the spiral one.

ambiguity in the choice of chirality leads to a ground-state degeneracyﬂ We
find that the vanishing of the gap depends strongly on the system geometry,
but it occurs consistently for all triangular systems considered.

Interestingly, the gapless spiral phase is surrounded by a region where the
gap attains considerable values. The very small dependence on system size indi-
cates that here it may be stable towards the thermodynamic limit. A finite gap
is not consistent with a spiral-ordered phase. On the other hand, the predomi-
nant order in this region is at incommensurate wave-vectors. Hence, the finite
gap is clearly not due to square-lattice Néel-like physics. Optimistically, these
findings could therefore be interpreted as the precursors of a gapped spin-liquid
phase. This gapped region completely encircles the spiral phase, suggesting that
the low- and large-a gapped spin liquids found in the SATL could actually be
continuously connected via the additional anisotropy of the SCATL.

Upon approaching the Néel phases, the gap closes, indicating a QPT.

Comparing the left and right panels of Fig. the lateral extent of the
putative spin liquid is qualitatively different between MSWT and ED. Scanning

6We checked that in the spiral phase there is a gap, similar to the spin-wave gap found in
the Néel phases, between the second and the third energy level.
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Figure 14.12: Left panel: The singlet gap from ED gives support to the
MSWT phase diagram. A finite gap separates in the Néel phases spin-wave
excitations from the ground state. In the spiral phase, the ground state is
doubly degenerate due to the ambiguity in choice of chirality. The finite gap
surrounding the degenerate region could be a precursor of a gapped, disordered
phase. At the QPTs to the Néel phases, the gap closes again. Right panels:
cuts at fixed J”/J = 1,2, 3 for triangles with increasing N (from light to dark
and thick to thin: 6,10,15). There is little size dependence in the central gapped
phase (J' = 2,3J with J' ~ J, as well as J” = J and J'/J 2 1.5). Also, for
J' = 3J the transition points do not show any appreciable size dependence,
while for J' = 2J the one around J'/J = 1.5 does.
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along J' = J, within MSWT it is smallest around J" = 2.J, while for ED it
decreases monotonously with increasing J”. As the right panels in Fig.
indicate, this discrepancy could be due to finite-size effect. Indeed, we find in
ED that for J'/J = 2 the transition point at J”/J ~ 1.5 shows an appreciable
size dependence, while the transition points for J'/J = 3 do not. This leaves
the possibility open that the lateral extent of the putative spin liquid at around
J'[J =2 decreases with N, making the MSWT and ED pictures consistent.

From the gap, it seems that there is support for the assumption of an ex-
tended gapped phase separating spiral and Néel LRO. Still, it would be desirable
to be able to exclude for this region spiral LRO in the thermodynamic limit. To
do this, we now study where chiral correlations persist. The chiral correlations
generalized for the small systems used in our ED have been defined in Eq. (3.39).

As can be seen from the ED results of the N = 15 lattice (Fig. t
panel), the chirality is relatively small in the Néel phases. However, at this
lattice size, there are still appreciable chiral correlations in the rest of the pa-
rameter regime. In particular, in the 1D limit, the chiral correlations are only
a little smaller than in the spiral phase around (J'/J,J"/J) = (1,1). There-
fore, we also plot in Fig. right panel, an extrapolation to large lattices
by W_(N) =¥_(N = o0) + \ZV + % + 5o, Where we use the known form for
the leading finite-size behavior [260] but also include subleading corrections due
to the small systems under consideration (our data comes from lattices with
N =7,10,12,15, 18, all chosen to have the same number of J, J’, and J” bonds,
as sketched at the bottom of Fig. . While this can not be seen as a rigor-
ous finite-size analysis, which is difficult for the small systems studied, it shows
a clear trend, namely that the chiral correlations only survive in a small region
around (J'/J, J"/J) = (1,1), which roughly corresponds to the region where the
vanishing gap indicated the spiral phasem If further studies can confirm this
analysis, it means that outside of this region, there is no spiral LRO.

With this, we have several independent observations from ED indicating the
existence of a magnetically disordered phase surrounding the spiral phase: the
increase of the gap when leaving the central region around (J'/J, J"/J) = (1,1)
and the disappearance of chiral LRO when extrapolating to large lattices both
suggest that there is no spiral LRO in this region. On the other hand, the
predominant order is at incommensurate ordering vectors, indicating that this
phase is also not Néel ordered. Therefore, it seems natural to assume that this

"The smaller peaks around (J'/J, J"/J) = (3,1) and (J'/J,J"[J) = (1,3) are results of the
strong geometry dependence of observables for the small lattices used. It can be understood
that these peaks are artifacts of the extrapolation, because it is highly implausible that the
chiral LRO first disappears when increasing the one-dimensionality and then finds a revival.
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Figure 14.13: Chiral correlations from ED. Upper left: Already for small
systems (N = 15), the chiral correlations are appreciably smaller in the Néel
phases than in the rest of the phase diagram. Upper right: From an extrap-
olation to large lattices, it appears that chiral LRO only survives in a small
central region around (J'/J,J"/J) = (1,1), lending support to an extended
disordered phase surrounding a spiral phase. Below: The geometries used
in the extrapolation are chosen for symmetry upon rotation by 60° and equal
number of J, J’, and J” bonds.
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region could host a spin-liquid phase, possibly gapped far away from the 1D
limit and gapless close to it.

MSWT spin-wave dispersion relations

Finally, we present the spin-wave dispersion relations wg, which can be measured
by inelastic neutron scattering [652], thus providing another experimental probe
of the physics associated to the additional anisotropy.

In Fig. we show the dispersion relation as computed from MSWT,
Eq. , for parameters corresponding to a point from the spiral phase and
the magnetically ordered materials listed in Table We provide (where ap-
plicable) a comparison to the dispersion relation which would result if two of the
couplings were equal. These comparisons can be seen more quantitatively in the
cuts (c.i-iii) shown in the lowest row of Fig. For the point from the spiral
phase (a.i), the symmetrization (b.i) does not significantly change the dispersion
relation, but for P-2 and, especially, for Sb-0, the differences are considerable.
The latter in particular changes even qualitatively since a symmetrization would
put it instead of into a Néel phase into a spiral phase. These differences seem
significant enough to be measurable in experiment. Such a measurement could
allow to quantify the actual magnitude of coupling anisotropies.

Summary of the SCATL

To summarize this section, we have provided a thorough analysis of the ground-
state phase diagram of the quantum Heisenberg SCATL, which has to the best of
our knowledge not been considered before — despite its relevance to experiments
on magnetic compounds.

Using various observables from MSWT, supported by ED, we have found
this model to behave qualitatively similar to its XY counterpart (Chapter [3.4).
In particular, quantum fluctuations stabilize Néel order with respect to the
clagsical phase diagram. Further, they reduce the extent of the spiral phase,
which seems to be entirely surrounded by a quantum disordered region. This
result, which constitutes our first main finding, is supported by the breakdown
of MSWT, together with the strong decrease of the order parameter and the
spin stiffness. It is further corroborated by ED data, where a finite gap and a
vanishing chiral correlation make spiral LRO seem unlikely, while the location
of the structure-factor peak at incommensurate wave vectors seems to preclude
Néel LRO. Also, the strong decrease of the ED structure-factor peak appears to
support this interpretation.
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Figure 14.14: Spin-wave dispersion from MSWT, normalized to the cou-
pling strengths 1+ J' + J”. Top row: Parameters corresponding to (a.i) a
completely anisotropic point in the spiral phase, and (a.ii-iv) the magnetically
ordered materials cited by Scriven and Powell [645]. Middle row: (b.i-iii)
Symmetrizing the two closer couplings can change the dispersion relations.
(b.iv) Dispersion relation for CsoCuBrs. Bottom row: Cuts along the path



336 14. Modified spin-wave theory

A complete encircling of the spiral phase by disordered phases could natu-
rally explain the succession of a gapped and a gapless spin liquid at the low-«
limit of the SATL. The gapless spin liquid would be continuously connected to
the limit of decoupled chains, while the additional anisotropy of the SCATL
would adiabatically connect the gapped spin liquids at small and large «. This
consideration shows the great potential of the additional anisotropy to deliver
new insights into the nature of these phases. Further, it allows to approach the
small-« spin liquids not only from the spiral phase, but also from the Néel phase.
We found, indeed, some indications that very close to the 1D limit the transi-
tion from the Néel phase to the putative disordered region could be qualitatively
different from what happens at larger a.

Our second main finding is connected to experimental results: measurements
find magnetic LRO in materials which theoretical analyses on the SATL predict
to be magnetically disordered. We show that this discrepancy finds a simple ex-
planation in the additional anisotropy of the SCATL, which is neglected in the
SATL. Taking it into account, we predict these material to lie in magnetically or-
dered phases, in accordance to experiment. These findings show the importance
of the complete lattice anisotropy for the explanation of recent experiments.

Finally, we provided spin-wave dispersion relations, a comparison to which
might allow to probe the additional anisotropy experimentally.

14.2.3 MSWT on the J;J;J; model

In the SATL and its generalization, the SCATL, commensurate and incommen-
surate order seem to be never directly connected, but spin-liquid phases appear
to separate them. To see if this is a more universal feature, we investigate in
this section another paradigmatic frustrated spin model, the J;J>J3 model on
the square lattice. It involves couplings between nearest-neighbors (NN), Ji,
next-nearest-neighbors (NNN), Jz, and next-next-nearest-neighbors (NNNN),
Js. A sketch of the geometry of the system may be found in Fig. [[4:I5h. This
model allows to continuously tune the Hamiltonian from an unfrustrated AFM
square lattice to a highly frustrated magnet.

Classical and quantum mechanical phase diagram of the J;J,J3 model
at T=0

The classical phase diagram of the J; J5J5 model [630} [653H655] can provide valu-
able intuition about the expected ordered phases. It is sketched in Fig. [I4.15p.
One identifies:
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Figure 14.15: (a) Geometry of the J1J2J3 model on a square lattice. NNs
are coupled with bonds of strength J; (black), NNNs (along the diagonals)
with J2 (blue) and NNNNs with J3 (red). (b) The classical phase diagram
of the J1J2J3 model shows four ordered phases. Phase I is characterized by
Néel order on the square lattice. In phase II the system decouples into two
independently Néel ordered sublattices with a doubled unit cell each. Phases
IIT and IV are spirally ordered with Q = (¢, 7) and Q = (q, q), respectively.

I) A 2D-Néel phase with Q = (7, 7) just as in the unfrustrated square lattice.
It is delimited by the classical critical line (J3 +2.J3) /J1 = 1/2;

II) A phase where the system decouples into two independent Jo—sublattices
with a doubled unit cell. Both sublattices are Néel ordered individually.
This phase is infinitely degenerate because the relative spin orientation
between the two sublattices can be rotated without affecting the energy;

ITI) A spiral phase with ordering vector @ = (g, ), where ¢ varies continuously
over the phase diagram;

IV) A second spiral phase, with Q = (q,q); ¢ - 7/2 for J3 — oo, attaining the
limit of two decoupled, Néel-ordered Js3—sublattices.

This phase diagram is believed to change considerably in the quantum limit
[624] 628-630]: In phase II quantum fluctuations select the columnar ordered
states with @ = (7,0) or Q = (0,7) from all the possible classical states. Fur-
thermore, the Néel phase I increases in size considerably and Néel order persists
up to near the line (Jo +J3) /J; = 1/2. In the vicinity of this line, the classical
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order is believed to be destabilized and to be replaced by a non-magnetic state.
The controversy about the exact nature of the ground state in this highly frus-
trated region, however, is still not settled. In particular, it has been suggested
that it could have the nature of a columnar valence-bond crystal [656] with both
translational and rotational broken symmetries, of a plaquette state with no bro-
ken rotational symmetry [624], or of a spin liquid with all symmetries restored
[567, 657-660).

In the following, we investigate the quantum model using MSWT with a
lattice size of N = 32x32. In most of parameter space, this is essentially already
converged to the infinite lattice, except close to quantum critical points. We
compare the MSWT data to recent results from PEPS calculations from V. Murg
and coworkers [661]. We focus on the extrapolations to the thermodynamic limit
contained in that work, except if stated otherwise.

We first discuss in more detail the special cases of the J;Jo model (i.e.,
Js = 0) and the J;J3 model (i.e., Jo = 0). Both models have been studied
before within MSWT [597, 6011, [662H666]. On the one hand, we confirm existing
results on the JiJo case, for which the optimization of the ordering wave-vector
returns only two possible values (corresponding to Néel order [@ = (m,7)] or
columnar order [@ = (7,0) or Q = (0,7)]), and we give further insight into the
spin stiffness and the dimer—dimer correlation functions. On the other hand,
we analyze the J;J3 model with optimization of the ordering wavevector, which
proves crucial to correctly capture the quantum effects on the classical spiraling
phases appearing in this case [597]. Finally, we give an overview of the entire
quantum ground-state phase diagram of the J;J.J3 model.
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Ground state properties of the J;.Jo model

Figure reports the ordering vector for the J; J3 model from MSWT as well
as from PEPS calculations. For the PEPS results, we extract the wave vector
of dominant spin correlations QYFFS from the location of the peak of the static
structure factor, analogous to Eq. . Up to Jo/J; = 0.6, QFFFS is located
at the Néel value (7, 7), while above this it lies at the value of columnar order
(m,0). In agreement with PEPS and other methods, e.g., ED [632] [667, [668] or
Schwinger bosons [669], MSWT finds Néel order with @ = (7, 7) at small Jy/J;
and columnar order with @ = (,0) or Q = (0,7) at large Jo/J;.

As is well known from previous studies, there is a region between 0.56
Ja/J1 $0.62 where the 2D-Néel ordered and the columnar state are both stable
solutions within MSWT. The starting point of the self-consistent calculations de-
termines which type of order is returned as the solution. However, the solutions
differ in energy and therefore one of them is only a local free-energy minimum
of the self-consistent equations. As can be seen from the energies, Fig. [[4.17h,
the transition from 2D-Néel to columnar order takes place at J/J; ~ 0.6.

For comparison, we also plot the values for the energy and magnetization
that where obtained by Schulenburg and Richter [632] from diagonalization of
small clusters. We find a remarkable correspondence of the ground-state energy
per spin between the MSWT prediction and these ED results [632], as well as
with the PEPS results, both extrapolated to the infinite-lattice limit. Especially
the noticeable kink associated at Jo/J; ~ 0.6, marking clearly a transition point,
is exhibited by all three methods.

For the magnetization, MSWT delivers extremely reliable predictions deep
in the Néel phase. Asshown in Fig.[I4.17p, at small J/J1, the finite size extrap-
olation of the ED staggered magnetization from Schulenburg and Richter [632]
lies very close to the MSWT results, and, as already mentioned in the context
of the S(C)ATL, in the unfrustrated square lattice limit (J2 = 0) the MSWT
value My = 0.303 [224] is very similar to QMC results, for which the most recent
estimates give My = 0.30743(1) [643]. For the PEPS calculations a quantity
analogous to the magnetization can — similar to Sec. [I£.2.1] - be derived from
the peak height of the static structure factor, Eq. (14.26)). We show its finite
size extrapolation in Fig. [I4.17p. In the Néel phase PEPS agrees very well
with MSWT, considerably better than ED, which decreases faster towards the
strongly frustrated region.

In the other limit, deep in the columnar phase, MSWT seems to overestimate
the order parameter as compared to ED and PEPS. In comparison to ED, this
remains true also close to the transition, but in that region agreement to PEPS
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Figure 14.17: For the J;J> model, MSWT data compares favorably to
other methods. We show PEPS data extrapolated to the thermodynamic
limit and ED by Schulenburg and Richter [632] for a 40-spin cluster (‘exact
40’) and extrapolated to the thermodynamic limit (‘exact oo’). (a) Ground-
state energy of the central spin. (b) Order parameter from MSWT,
compared to ED results and the PEPS magnetizations M (7, 7) (Néel) and
M (7,0) (columnar). For MSWT, the curves obtained when starting the self-
consistent iteration from a Néel state (thick red line) and from a columnar
ordered state (thick dot-dashed green line) are both included. Magnetic order
weakens at the transition from the Néel to the columnar phase, and the ED
data even suggest an extended quantum-disordered region.
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Figure 14.18: For the J;J> model, the MSWT spin stiffness indicates

a weakening of magnetic order close to the transition between the Néel and
the columnar phase. (a) Gaussian spin stiffness. (b) Components of
the spin stiffness tensor. In the Néel phase pzz = pyy by symmetry. The
partial spin stiffnesses pz%mal equal the total ones, pos. For MSWT, the curves
obtained when starting the self-consistent iteration from a Néel state (thick red
line) and from a columnar ordered state (thick dot-dashed green line) are both

included.

becomes better.

Although upon approaching the Néel-to-columnar transition the order pa-
rameter decreases for both MSWT and PEPS, neither method finds a quantum-
disordered region. This contradicts the ED data, which predicts a magnetically
disordered region in the range 0.35 < Jo/J1 $ 0.66 [632]. Recent results based on
tensor product states [626] and DMRG [627] seem to prove without doubt that
the region around 0.4 - 0.5 < Jo/J; $ 0.6 hosts a quantum-disordered ground
state without magnetic nor valence-bond-solid order.

For MSWT, this discrepancy is not surprising: since it is based on an ordered
classical reference state, it often overestimates magnetic order. In the previous
Chapters[3.2] .4} [14.2.1] and [14.2.2] however, the spin stiffness (see Sec. [I4.1.6),
has proven a valuable tool to find regions where this magnetic order softens. It
can be assumed that in such regions quantum fluctuations may overcome all
ordering tendencies, leading to spin-liquid behavior in the true ground state.
Such a suppression of the spin stiffness has been observed in previous results
coming from ED of finite clusters [667] or from the Schwinger-boson approach
[669, 670]. In Fig. we plot for our MSWT calculations the Gaussian
spin stiffness T as well as the individual components of the spin-stiffness tensor,
Eq. . Although the spin stiffness remains finite for any considered value of
Ja/J1, it is strongly suppressed in the region 0.3 $ Jo/J; < 0.6. As a consequence,
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Figure 14.19: For the J;J3 model, the
MSWT ground-state energy com-
pares well to PEPS results. (For
PEPS we show the energy of the central
spin extrapolated to the thermodynamic
limit.)

even though MSWT admits a stable solution with magnetic order for any J5/.J;
value, for Jo/J; = 0.6 it exhibits a clear transition from soft Néel order to a
stiff columnar order, suggesting that this transition could actually separate the
columnar state from a quantum disordered phase.

We further investigated the nature of the state in the transition region be-
tween Néel and columnar order, where magnetic order is strongly reduced,
through the study of the dimer—dimer correlations (the results can be found
in Ref. [241]). Remarkably, around J/J; ~ 0.7, MSWT shows a short-range
modulation in the dimer correlations whose structure is compatible with that of
a valence-bond crystal. Although MSWT is not appropriate to characterize such
non-magnetic states, it is remarkable that it identifies a columnar valence-bond
structure as the dominant form of dimer correlations at short range. This indi-
cation is consistent with, e.g., PEPS results [661], which point towards columnar
valence-bond order in the non-magnetic region of the J;J; model. The short-
range nature of this dominant dimer—dimer correlations is consistent with the
recent results from Refs. [626] 627], which predict the absence of long-range
valence-bond-solid order.

Ground state properties of the J;J; model

We now turn to the J;J3 model. As a first check, we compare the ground-state
energy from MSWT to PEPS results (Fig. [14.19). We find extremely good
agreement in the entire range of J3/J; where MSWT converges.

To analyze the phase diagram of the J;J5 model, we first study its ordering
vector (Fig.[14.20R), comparing again MSWT to PEPS as well as to the classical
results. Classically, this model has a transition from Néel to spiral order at
J3 =0.25J;. For S = 1/2, recent PEPS calculations show that Néel order persists
up to approximately J3/J; = 0.3 [661]. Above this point the peak of the structure
factor is still at the Néel ordering vector (7,7) but its height appears to vanish
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Figure 14.20: Comparison of MSWT and PEPS results for the J;J3
model. (a) Ordering vector. Quantum fluctuations stabilize Néel order,
as compared to the classical result. For MSWT and classically, Q. = Qy. (b)
The order parameter decreases towards the MSWT breakdown region. For
PEPS we show in (a) the position (Qz,Qy) of the structure-factor peak, and
in (b) its height at Q = (7, 7) (Néel) and Q = (q,q) (spiral).

in the thermodynamic limit, which suggests a complete loss of magnetic LRO.
A different type of LRO arises anew at approximately Js/J; = 0.6 with an
ordering vector @ = (g, ¢) that tends to (7/2,7/2) in the limit of large J3. For
large enough Js3, the nature of the ordered phase becomes similar to that of
the classical limit. Within MSWT with ordering-vector optimization, coming
from small J3/J;, quantum fluctuations stabilize Néel against spiral order, so
that Néel order persists up to J3/J; = 0.39. Coming from the opposite limit
of J3 ~ J;, we observe a spiral phase with continuously varying pitch vector
Q = (q,q), where g approaches 7/2 for J3/J; — oo, and increases up to g =
0.77 for J3/J; — 0.52%. In the region 0.39 < J3/J; < 0.52, convergence of the
MSWT calculations breaks down, which points at a possible spin-liquid phase,
in agreement with the predictions from PEPS.

This indication of a disordered phase is further corroborated by the MSWT
order parameter M, (Fig. [[4.20p), which decreases strongly for Js/J; - 0.39~
and for J;/J; — 0.52%. Again, the PEPS order parameter deep in the Néel
phase is similar to the MSWT data, but in the spiral phase the MSWT order
parameter lies well above the PEPS result. Despite quantitative differences, the
PEPS order parameter vanishes in the range 0.3 < J3/J1 $ 0.5 and thus confirms
the destabilization of magnetic order.

The MSWT spin stiffness (Fig. gives additional credibility to the

assumption of a disordered phase in the J;J3 model: it is drastically reduced
when approaching J3/J; = 0.39 from below and J3/J; = 0.52 from above. The
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Figure 14.21: For the J;J3 model, the MSWT spin stiffness softens to-
wards the region between Néel and spiral order. (a) Gaussian spin stiffness.
(b) Components of the spin-stiffness tensor. (By symmetry, pzz = pyy

and pggr“a‘ =0.)

Gaussian spin stiffness is extremely small already for J3/.J; 2 0.3 (Fig. [[4.21h),
which corresponds to the value where PEPS predicts a vanishing magnetization.
Our results are also consistent with the ED of a system of 20 sites by Bonca et
al. [671], where it was found that the spin stiffness vanishes at Js/J; = 0.35.

The precise nature of the state in the candidate region for quantum-disordered
behavior cannot be determined reliably by the use of MSWT. From an analysis
of the dimer—dimer correlations in the convergence regions, we can find no indi-
cations of any exotic disordered quantum state. On the contrary, PEPS results
indicate a plaquette state in the region of maximal frustration Js ~ J;/2 [661].

As a final remark, we note that in our calculations, despite using the same
equations as Xu and Ting [597], we find a considerably larger breakdown region.
However, the region where our calculations do not yield a result is very stable,
i.e., it does not depend much on system size nor on the exact algorithm for
solving the self-consistent MSWT equations.

MSWT phase diagram of the J;J>J3 model

After having investigated the two limiting cases of the J; Jo and the J; J3 models,
we now consider the more general J;J>J3 model. We first present the MSWT
data, and compare them afterwards to PEPS predictions.

As already seen in the case of the J; J3 model, we observe a sizable parameter
range over which the convergence of MSWT breaks down, and which is then
pointed out as a candidate region for non-magnetic behavior (see Fig. .
We notice that, while convergence is achieved for any Jo/J; ratio at Jz = 0,
a region of convergence breakdown opens up by adding a small Js component
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Figure 14.22: MSWT phase diagram of the quantum J; J>J3 model. (a)
Ground state energy per spin Ey, (b) order parameter My, (c) Gaussian
spin stiffness T, and (d) partial Gaussian spin stiffness T?*"*"*! calculated
via Eq. . Note that T and YP*"'* rige beyond the linear scale in the
upper half of the plot. The blue lines are the classical phase boundaries, and
in the gray areas convergence of the self-consistent equations could not be
reached, suggesting disordered behavior in the true quantum ground state.
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Figure 14.23: Ordering vector for the J;J>J3 model in linear color scale. In
the gray area convergence of the self-consistent equations could not be reached.
(a) xz-component and (b) y-component of the classical ordering vector, differ-
entiating four classical phases (blue lines are the classical phase boundaries);
(¢) z-component and (d) y-component of the quantum mechanical MSWT
ordering vector, identifying only three ordered quantum phases.
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Figure 14.24: The PEPS order
parameter M suggests a desta-
bilization of magnetic LRO in a
broad asymmetric v-shaped re-
gion, marked by low values (cal-
culations for a 8 x 8 lattice with
auxiliary dimension D = 3).
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around Jo/J; ~ 0.5. The energy per spin increases when approaching this region,
showing the increased influence of frustration (Fig.[14.22h). The indications for
a quantum disordered phase in the breakdown region is corroborated by the
decrease of the order parameter (Fig. [14.22p) and the spin stiffness (Fig.
and d) when approaching the breakdown region.

The nature of the phases where MSWT reaches convergence can be seen
in the ordering vector, which we display in Fig. in comparison with the
classical one. We find three ordered phases. (1) For small J3/J; and Jo/J; we
find a Néel ordered phase. Its boundary is pushed upwards to higher values
of J3/J; with respect to the classical limit. (2) A columnar phase is found at
small J3/J; but larger Jo/J1 2 0.6. (3) For large J3/J1, a spiral phase arises
with an ordering vector Q = (¢,q) that approaches Q = (7/2,7/2) for large
J3/J1. As a consequence, a dramatic effect of quantum fluctuations seems to
be the disappearance of phase III of the classical phase diagram, characterized
by magnetic order at a pitch vector Q.; = (¢, 7) with continuously varying ¢, in
favor of the columnar phase and of a potentially quantum-disordered phase.

Comparison to PEPS calculations

To validate the MSWT results with a complementary approach, we now compare
its predictions to data coming from PEPS calculations on a 8 x 8 lattice with
auxiliary dimension D = 3.

In Fig. [I4.24] we display the PEPS order parameter as extracted from the
peak height of the static structure factor [see Eq. ] We observe a broad
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Figure 14.25: The PEPS ordering vector shows three phases, Néel (7, 7),
columnar (m,0), and spiral (g,q) order. From this data, it is not clear if the
classical phase with (m,¢q), found in between the columnar and spiral phases,
survives quantum fluctuations. (Calculations for a 8 x 8 lattice with D = 3.)

asymmetric v-shaped region in which the magnetic order, quantified by the
height of the peak in the structure factor, is strongly suppressed. This region is
strongly reminiscent of (albeit broader than) the breakdown region of MSWT.
In particular, the asymmetry is due to the fact that the bottom of the “v” lies
at Jo/J1 > 0.5, a characteristic which is shared with the MSWT phase diagram.
While a thorough finite-size scaling analysis of the PEPS data would be nec-
essary to determine the precise boundaries of the possible magnetically disor-
dered regions, a quantitative information can be extracted even from the finite-
size PEPS data concerning the location of the pitch vector of the dominant
magnetic correlations. As seen in Fig. similarly to what happens in the
above spin-wave calculations, a pronounced peak at the Néel ordering vector
(m, ) appears if both Jo/J; and J3/J; are small, while at large Jo/J; but small
Js/J1 the structure factor is peaked at the columnar ordering vector (r,0). For
large J3/Ji, the peak is located at (g, q), where g tends to w/2. From the order-
ing vector, we find in between the columnar and spiral phases remainders of the
second classical spiral phase with @ = (,¢). This phase, however, lies in the
region where the PEPS order parameter is small. Therefore, the associated LRO
may possibly not survive quantum fluctuations in the thermodynamic limit.
In summary, in the J;J2J3 lattice a large region with weak order proper-
ties separates the Néel-ordered region for small J, and Js, from the columnar-



14.2 Example: MSWT on frustrated Heisenberg magnets 349

ordered region for J; > J; /2 and small J5, and from the spiral phase at large J5.
Further, quantum fluctuations stabilize Néel order while they possibly suppress
one of the two spiral phases of the classical phase diagram. These features are
confirmed in the calculations of Reuther et al., who used three different methods
(dynamical functional renormalization group, high-order coupled cluster calcu-
lations, and series expansion) [672].

14.2.4 Summary

In this chapter, we illustrated the performance of Takahashi’s MSWT with
ordering-vector optimization. For this purpose, we studied the ground-state
phase diagram of the AFM S = 1/2 Heisenberg model on several two-dimensional
frustrated geometries, the SATL, its generalization to the SCATL, and the
J1J2J3 lattice. Quantitative comparisons with more accurate methods (ED,
variational Ansdtze based on projected BCS states, PEPS) reveal that MSWT
with ordering wave-vector optimization goes well beyond LSWT in dealing with
quantum effects. It correctly accounts for the quantum correction to the order-
ing wave-vector of the ordered phases, and for the strong suppression (or total
cancellation) of magnetic order in correspondence with the candidate regions
for quantum-disordered behavior. Given its flexibility and its modest numerical
cost, MSWT serves therefore as a unique tool for the identification of novel
quantum phases in strongly frustrated quantum antiferromagnets.

In all studied models, we find two general trends. (i) Collinearly ordered
states (Néel or columnar order, 1D-like quasi-order) are promoted against spi-
raling ones. (ii) Two phases with different (quasi-)order properties (spiral vs.
collinear) are always separated by extended quantum-disordered spin liquids.
We propose that this is a universal feature of frustrated quantum magnets,
which may have far-reaching consequences for the search of spin-liquid phases.
Interestingly, from our results in the SCATL it seems that two such gapped
spin-liquids, which appear as distinct in the SATL, are actually adiabatically
connected by an additional anisotropy in the couplings.

Finally, our findings may have important implications for experiment. In
general, since our calculations give strong suggestions for candidate regions of
spin-liquid behavior, experiments can focus on the most relevant parameter
regimes. Further, our results on the SCATL may have great relevance for mag-
netic organic salts hosting triangular spin lattices. If there exists an anisotropy
in all three coupling directions, previous studies typically averaged the two closer
coupling strengths. The resulting parameters can then be compared to theo-
retical predictions from the SATL. There are, however, examples where this
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procedure locates magnetically ordered materials in regions of the SATL phase
diagram that are magnetically disordered. In contrast, we find that the parame-
ter values that take the additional anisotropy into account are located in ordered
regions of the SCATL phase diagram, so that the experimental observations find
a natural explanation in the threefold anisotropy.



Conclusion

In this thesis, we considered quantum simulators (QSs) on a theoretical level.
In an attempt to put this field onto more stable theoretical foundations, we
identified a definition consisting in its core of four requirements: relevance, con-
trol, reliability, and efficiency. We emphasized the lack of careful studies of
the reliability and efficiency, and their interplay, in particular for analog QSs,.
As a first step in this direction, we characterized the influence of disorder on
the static and dynamic behavior of a paradigmatic quantum model. We also
studied quantum-simulation architectures where the models that are commonly
accepted as describing their fundamental behavior have to be modified in cer-
tain, experimentally relevant parameter regimes.

Studying possibilities to improve control over QSs, we presented several fea-
sible proposals for the analog quantum simulation of important phenomena,
covering so widely different situations as orbital order of fermions, supersolids
in systems with long-range interactions, spin liquids in frustrated quantum spin
models, or quantum phase transitions, topological insulators, and non-Abelian
gauge fields in exotic lattice geometries. To compute the expected behavior of
these models, we employed a variety of theoretical techniques, some of which we
had to adapt and extend to make them applicable to the theoretically challeng-
ing situations posed by these complex many-body models. We also presented a
scheme to control quantum spin correlations in optical lattices with a mesoscopic
number of particles at each lattice site. These examples were selected to provide
a kaleidoscope of the multifaceted physics amenable to quantum simulation in
non-standard optical lattices.

If we can guarantee that analog quantum simulators fulfill all four require-
ments of our definition, including above all the reliability of their results, we can
expect them to deliver, in the medium term, valuable insights into a variety of
outstanding quantum problems, such as quark confinement, high-T, supercon-
ductivity, protein design, nano-material engineering, and much more.
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Acronyms

Used acronyms

— in alphabetical order

ACT:
AFM:
AQS:
BEC:
BKT:

CB:
CQED:

DFT:
DMFT:

DMRG:

DQS:
ED:
FM:
iTEBD:

LRO:
MERA:

MI:

MSWT:

NMR:
NN:
NNN:
NNNN:

nUAQS:

nUDQS:

AC-induced tunneling
antiferromagnetic

analog quantum simulator
Bose-Einstein condensate

Berezinskii-Kosterlitz—
Thouless

checkerboard

circuit quantum
electrodynamics

density-functional theory

dynamical mean-field
theory

density-matrix
renormalization group

digital quantum simulator
exact diagonalization
ferromagnetic

infinite time evolving block
decimation

long-range order

multiscale entanglement-
renormalization

Ansatz

Mott-insulator

modified spin-wave theory
nuclear magnetic resonance
nearest neighbor
next-to-nearest neighbor

next-to-next-to-nearest
neighbor

non-universal analog
quantum simulator

non-universal digital
quantum simulator

OSAQS:

0SDQS:

PEPS:

PMEFT:

PSF:
OFR:
QPT:
SATL:

SCATL:

SF:
SPS:

tDMRG:

TNS:
ToF:
TTN:
UDQS:

UAQS:

QMC:
QND:
QS:

open-system analog
quantum simulator

open-system digital
quantum simulator

projected entangled-pairs
states

perturbative mean-field
theory

pair superfluid
optical Feshbach resonance
quantum phase transition

spatially anisotropic
triangular lattice

spatially completely
anisotropic

triangular lattice
superfluid

spin polarization
spectroscopy

time-dependent
density-matrix
renormalization group

tensor-network states
time of flight
tree tensor network states

universal digital quantum
simulator

universal analog quantum
simulator

quantum Monte-Carlo
quantum non-demolition

quantum simulator



Bibliography

(1]

[14]
[15]
[16]
7]

18]

R. D. SwmitH, FEncyclopedia of Computer Science, 4th FEdition, chapter Simulation
Article, Grove’s Dictionaries New York, 2000.

THE ATLAS COLLABORATION, arXiw:1207.7214v1 [hep-ex] (2012).

Tue CMS COLLABORATION, arXiv:1207.7235v1 [hep-ex] (2012).

P. A. LEE, N. NacGaosa, and X.-G. WEN, Rev. Mod. Phys. 78, 17 (2006).
P. A. LEE, Rep. Prog. Phys. 71, 012501 (2008).

R. P. FEyNMmAN, Int. J. Theor. Phys. 21, 467 (1982).

I. Buruta and F. Nori, Science 326, 108 (2009).

M. LEWENSTEIN, A. SANPERA, and V. AHUFINGER, Ultracold Atoms in Optical Lat-
tices: Simulating Quantum Many-Body Systems, Oxford University Press, Oxford,
2012.

Science 330, 1605 (2010).

Y.-J. Lin, R. L. CompTON, K. JIMENEZ-GARCIA, J. V. PorTO, and I. B. SPIELMAN,
Nature 462, 628 (2009).

W. S. Bakr, A. Peng, M. E. Tar, R. Ma, J. Smvon, J. I. GiLLEN, S. FOLLING,
L. PoLLET, and M. GREINER, Science 329, 547 (2010).

S. TroTzKY, L. PoLLET, F. GERBIER, U. SCHNORRBERGER, [. Broch, N. V.
Prokor’ev, B. Svistunov, and M. TroYER, Nat. Phys. 6, 998 (2010).

R. JOorDENS, L. TARRUELL, D. GREIF, T. UEHLINGER, N. STROHMAIER, H. MORITZ,
T. Essuinger, L. D. Leo, C. KorratH, A. GEORGES, V. ScaroLA, L. PoLLET,
E. Burovskl, E. Kozik, and M. TROYER, Phys. Rev. Lett. 104, 180401 (2010).

K. Baumann, C. GuerLiN, F. BrRENNECKE, and T. ESSLINGER, Nature 464, 1301
(2010).

Y. Liao, A. S. C. RITTNER, T. PaproTTA, W. LI, G. B. PARTRIDGE, R. G. HULET,
S. K. Baur, and E. J. MUELLER, Nature 467, 567 (2010).

J. Simon, W. S. Bakr, R. Ma, M. E. Ta1, P. M. Preiss, and M. GREINER, Nature
472, 307 (2011).

J. Struck, C. OLsCHLAGER, R. LE TarGcaT, P. SorTanN-PanaHI, A. ECKARDT,
M. LEWENSTEIN, P. WINDPASSINGER, and K. SENGSTOCK, Science 333, 996 (2011).
K. Vax Houcke, F. WERNER, E. Kozik, N. Prokor’Ev, B. Svistunov, M. J. H.
Ku, A. T. SOMMER, L. W. CHEUK, A. SCHIROTZEK, and M. W. ZWIERLEIN, Nat.



356

BIBLIOGRAPHY

Phys. 8, 366 (2012).

S. TroTzKY, Y.-A. CHEN, A. FrLEscH, I. P. McCuLrocH, U. ScHOLIWOCK, J. EIs-
ERT, and [. BLocH, Nat. Phys. 8, 325 (2012).

M. AIDELSBURGER, M. ATALA, S. NASCIMBENE, S. TRoTzKY, Y.-A. CHEN, and
1. BrocH, Phys. Rev. Lett. 107, 255301 (2011).

M. CHENEAU, P. BARMETTLER, D. PoLETTI, M. ENDRES, P. ScHAUSZ, T. FUKUHARA,
C. G. CHuristiaN, . BrocH, C. Korrath, and S. KuHr, Nature 481, 484 (2012).

J. StrUCK, C. OLSCHLAGER, M. WEINBERG, P. HAUKE, J. SIMONET, A. ECKARDT,
M. LewensTEIN, K. SENGSTOCK, and P. WINDPASSINGER, Phys. Rev. Lett. 108,
225304 (2012).

K. JimiNEz-GARrcia, L. J. LEBrLanc, R. A. WiLLiams, M. C. BEELER, A. R. PERRy,
and I. B. SPIELMAN, Phys. Rev. Lett. 108, 225303 (2012).

1. BrocH, J. DALIBARD, and W. ZWERGER, Rev. Mod. Phys. 80, 835 (2008).

A. NIEDERBERGER, S. BRAUNGARDT, U. EBLING, T. GrASs, P. HAUKE, A. KUBASIAK,
A. Zamora, R. Auagusiak, O. Durta, E. Szirmal, M. CiarpriNa, F. M. CuccHI-
ETTI, A. EckarpT, J. K. KorBicz, G. J. LAPEYRE, G. SzirRMAI, L. TAaGLIACOZZO,
M. RopricUEz, P. MassigNaN, and M. LEWENSTEIN, Opt. Pura Apl. 44, 333 (2011).
1. BrocH, J. DaLBARD, and S. NasciMBENE, Nat. Phys. 8, 267 (2012).

A. FRIEDENAUER, H. Scamirz, J. T. GLUECKERT, D. PORRAs, and T. ScuAaETZ, Nat.
Phys. 4, 757 (2008).

K. Kim, M.-S. Cuang, S. KorenBLIT, R. IsLam, E. E. Epwarbps, J. K. FREERICKS,
G.-D. Lin, L.-M. DuaN, and C. MoNROE, Nature 465, 590 (2010).

R. IsLam, E. EpwarDps, K. Kim, S. KoreEnBLIT, C. NoH, H. CARMICHAEL, G.-D.
Lin, L.-M. Duan, C.-C. J. WaNgG, J. FrEERICKS, and C. MoNROE, Nat. Commun.
2, 377 (2011).

B. P. Lanvon, C. HempPEL, D. Nigg, M. MULLER, R. GERRITSMA, F. ZAHRINGER,
P. ScHINDLER, J. T. BarreirROo, M. RamBacH, G. KIRCHMAIR, M. HENNRICH,
P. ZoLLEr, R. BrarT, and C. F. Roos, Science 7, 57 (2011).

J. T. BARREIRO, M. MULLER, P. ScHINDLER, D. Nicg, T. Monz, M. CHWALLA,
M. HennricH, C. F. Roos, P. ZoLLER, and R. BrarT, Nature 470, 486 (2011).

R. GeErrITSMA, G. KIRCHMAIR, F. ZAHRINGER, E. SoraNo, R. BrarT, and C. F.
Roos, Nature 463, 68 (2010).

R. GerriTsma, B. Lanvon, G. Kircamalr, F. ZAHRINGER, C. HEMPEL,
J. CasanNova, J. J. Garcia-RipoLr, E. Sorano, R. Brart, and C. F. Roos, Phys.
Rev. Lett. 106, 060503 (2011).

M. JoHaNNING, A. F. VARrON, and C. WuNDERLICH, J. Phys. B 42, 154009 (2009).
C. ScHNEIDER, D. PoRrras, and T. ScuareTz, Rep. Prog. Phys. 75, 024401 (2012).
R. Brart and C. F. Roos, Nat. Phys. 8, 277 (2012).

B. P. Lanvon, T. J. WEINHOLD, N. K. LANGFORD, M. BaRrBIERI, D. F. V. JAMES,
A. Giueurist, and A. G. WHiTE, Phys. Rev. Lett. 99, 250505 (2007).

B. P. Lanvon, M. BarBiery, M. P. ALMEIDA, and A. G. WHITE, Phys. Rev. Lett.
101, 200501 (2008).

F. BerGgiorno, S. L. Cacciatori, M. CLerici, V. Gorini, G. OrreEnzi, L. Rizzi,
E. RuBiNo, V. G. SaLa, and D. Faccio, Phys. Rev. Lett. 105, 203901 (2010).



BIBLIOGRAPHY 357

[40]
[41]

[42]
[43]

[44]

[45]
[46]

[47]

[48]
[49]

[50]
[51]
[52]

(53]
[54]

[55]

[56]
[57]
(58]
[59]

[60]
[61]

[62]
[63]
[64]
[65]
[66]
[67]

T. Kitacawa, M. BrooME, A. FeDrIizzl, M. RUDNER, E. Berg, I. KassarL,
A. Aspuru-Guzik, E. DEMLER, and A. G. WHITE, Nat. Commun. 3, 882 (2012).
X. Ma, B. Dakic, W. NaYLOR, A. ZEILINGER, and P. WALTHER, Nat. Phys. 7, 399
(2011).

A. Aspuru-Guzik and P. WALTHER, Nat. Phys. 8, 285 (2012).

A. D. GrREENTREE, C. Tanan, J. H. CorE, and L. C. .. HOLLENBERG, Nat. Phys.
2, 856 (2006).

M. J. Harrtmann, F. G. S. L. BranDAO, and M. B. PLENIO, Nat. Phys. 2, 849
(2006).

D. G. AngeLAkis, M. F. SanTos, and S. Bosg, Phys. Rev. A 76, 031805(R) (2007).

Z. Wang, Y. CHoNG, J. D. JoanNoPouLos, and M. SoLJAcIC, Nature (London) 461,
772 (2009).

J. KocH, A. A. Houck, K. L. Hur, and S. M. GirviN, Phys. Rev. A 82, 043811
(2010).

D.G. ANGELAKIS et al., in preparation (2012).

A. SingHA, M. GiBERTINI, B. KARMAKAR, S. YuaNn, M. PorLiNi, G. VIGNALE,
M. KarsNELsoN, A. PiNnczuk, L. Prerrrer, K. WEsT, and V. PELLEGRINI, Science
332, 1176 (2011).

S. Somaroo, C. H. Tseng, T. F. HaverL, R. LAFLAMME, and D. G. Cory, Phys.
Rev. Lett. 82, 5381 (1999).

C. H. TsENG, S. SoMAROO, Y. SHARF, E. KniLL, R. LaArLaMmMmE, T. F. HAVEL, and
D. G. Cory, Phys. Rev. A 61, 012302 (1999).

J. Du, N. Xu, X. PEnG, P. WaNg, S. Wu, and D. Lu, Phys. Rev. Lett. 104, 030502
(2010).

G. Awvarez and D. Sutkr, Phys. Rev. Lett. 104, 230403 (2010).

E. J. PritcuHETT, C. BENJAMIN, A. GaLiauTDpIiNOV, M. R. GELLER, A. T. SORN-
BORGER, P. C. StanciL, and J. M. MARTINIS, arXiv:1008.0701v1 [quant-ph] (2010).

M. D. REeEp, L. DiCarro, S. E. Nicga, L. Sun, L. Frunzio, S. M. GIrviN, and
R. J. ScHOELKOPF, Nature 482, 382 (2012).

Y. MakHLIN, G. ScHON, and A. SHNIRMAN, Rev. Mod. Phys. 73, 357 (2001).
M. DEVORET, A. WALLRAFF, and J. MARTINIS, arXiv:cond-mat/0411174 (2004).
J. You and F. Nori1, Physics Today 58, 42 (2005).

S. M. GirviN, M. H. DeEvorEeT, and R. J. ScHOELKOPF, Phys. Scr. T 137, 014012
(2009), Proceedings of Nobel Symposium 141: Qubits for Future Quantum.

P. ZoLLER et al., Fur. Phys. J. D 36, 203 (2005).

P. Hauke, F. M. CuccHieTTi, L. Tacgriacozzo, I. DEuTscH, and M. LEWENSTEIN,
Rep. Prog. Phys. 75, 082401 (2012).

P. Hauke, L. TagLiacozzo, and M. LEWENSTEIN, Science 336, 1122 (2012).

V. Kexpoon, K. NeEmotro, and W. Munro, Phil. Trans. R. Soc. A 368, 3609 (2010).
R. LANDAUER, Phys. Lett. A 217, 188 (1996).

D. DrutscH, Proc. R. Soc. Lond. A 400, 97 (1985).

E. KnicL and R. LaFLaMME, Phys. Rev. A 55, 900 (1997).

J. PrEskKILL, Introduction to Quantum Computation, chapter Fault Tolerant Quantum



358 BIBLIOGRAPHY

Computation, World Scientific, 1998.
8] K. R. Brown, R. J. Crark, and [. L. Cuuana, Phys. Rev. Lett. 97, 050504 (2006).
9] D. P. D1VinceNzo, Fort. Phys. 48, 771 (2000).

[70] D. JakscH, C. BRUDER, J. I. Cirac, C. W. GARDINER, and P. ZoLLER, Phys. Rev.
Lett. 81, 3108 (1998).

[71] M. GREINER, I. BLocH, O. ManDEeL, T. W. HAnscH, and T. EsSLINGER, Phys. Rev.
Lett. 87, 160405 (2001).

[72] M. GreINER, O. ManDEeL, T. EssLINGER, T. W. HAnsch, and I. BLocH, Nature
415, 39 (2002).
[73] A. Sanpvik, AIP Conf. Proc. 1297, 135 (2010).

[74] T. GiamarcHi, Quantum Physics in One Dimension, Oxford Science Publications,
2004.

| U. ScroLwwock, Annals of Physics 326, 96 (2011).

6] V. ALBa, L. TacLiacozzo, and P. CavaBrese, J. Stat. Mech. 1106, P06012 (2011).
] G. EvenBrLy and G. VIDAL, arXiw:1109.538/vl [quant-ph] (2011).

| E. StoubpeEnMIRE and S. WHITE, Annual Review of Condensed Matter Physics 3, 111
(2011).

[79] L. Tacriacozzo, G. EVENBLY, and G. VipaL, Phys. Rev. B 80, 235127 (2009).

[80] L. TacrLiacozzo and G. VipaL, Phys. Rev. B 83, 115127 (2011).

[81] P. CorBoz, S. WaITE, G. VDAL, and M. TrOYER, Phys. Rev. B 84, 041108 (2011).
[82] L. WanNg, Z. Gu, X. WEN, and F. VERSTRAETE, arXiv:1112.8331v2 [cond-mat.str-el]
(2011).

[83] J. J. Binney, N. J. Dowrick, A. J. Fisuer, and M. E. J. Newwman, The theory

of critical phenomena : an introduction to the renormalization group, Clarendon Press
(Oxford), 1992.

[84] R. MARTIN, Electronic structure: Basic theory and practical methods, Cambridge
University Press, 2004.

[85] E. STOUDENMIRE, L. O. WAGNER, S. R. WHITE, and K. BURKE, arXiv:1107.2394v2
[cond-mat.str-el] (2011).

[86] A. Georages, G. Korriar, W. KrautH, and M. RozENBERG, Rev. Mod. Phys. 68,
13 (1996).

~
©

[87] T. ESSLINGER, Annu. Rev. Cond. Mat. Phys. 1, 129 (2010).

[88] A. Das and B. K. CHAKRABARTI, Rev. Mod. Phys. 80, 1061 (2008).

[89] S. SoreLLa and F. BEecca, hitp://people.sissa.it/sorella/Simulazioni.pdf (2011).
[90] C. PineDA, T. BaRrTHEL, and J. Eisert, Phys. Rev. A 81, 050303(R) (2010).

[91] P. CorBoz and G. VipaL, Phys. Rev. B 80, 165129 (2009).

[92] T. BarTHEL, C. PINEDA, and J. EisErr, Phys. Rev. A 80, 042333 (2009).

[93] Q. Sui, S. L1, J. Zuao, and H. Zuou, arXiw:0907.5520 (2009).

[94] P. CorBoz, R. OrUs, B. BaueR, and G. Vipar, Phys. Rev. B 81, 165104 (2010).
[95] E. Lies and D. RoBinson, Commun. Math. Phys. 28, 251 (1972).

[96] S. Bravyi, M. B. HasTiNgs, and F. VERSTRAETE, Phys. Rev. Lett. 97, 050401 (2006).
[97] P. CavLaBRESE and J. CARrDY, Phys. Rev. Lett. 96, 136801 (2006).



BIBLIOGRAPHY 359

[98]
[99]
[100]

[117]
[118]

[119]
[120]
[121]
[122]

123
124
125
126]

J. EiserT and T. OSBORNE, Phys. Rev. Lett. 97, 150404 (2006).
B. NACHTERGAELE, Y. OGATaA, and R. Sims, J. Stat. Phys. 124, 1 (2006).

N. ScuucH, M. Worr, K. VorLLBrecHT, and J. Cirac, New J. Phys. 10, 033032
(2008).

J. Eiserr, M. CraMER, and M. B. PrEnIO, Rev. Mod. Phys. 82, 277 (2010).
D. LeiBFRIED, Nature 463, 608 (2010).
R. GrirrITHS, Phys. Rev. Lett. 23, 17 (1969).

J. A. H. Fawaz Hrausuen AND and T. Vouta, arXiv:1208.0471vl1 [cond-mat.str-elf
(2012).

Z. HapzIBABIC, private communication (2011).
S. Lrovyp, Science 273, 1073 (1996).

H. WEIMER, M. MULLER, I. LEsaNnovsky, P. ZoLLER, and H. P. BUcHLER, Nat.
Phys. 6, 382 (2010).

A. A. Houck, H. E. Torect, and J. KocH, Nat. Phys. 8, 292 (2012).

E. Jange, G. VipaL, W. DUR, P. ZoLLER, and J. Cirac, Quant. Comp. Inf. 3, 15
(2003).

N. WieBg, D. Berry, P. HovER, and B. SANDERs, J. Phys. A: Math. Theor. 44,
445308 (2011).

S. P. JorpaN, K. S. Leg, and J. PrRESKILL, Science 336, 1130 (2012).
S. P. Jorpan, K. S. Leg, and J. PRESKILL, arXiv:1112.4833v1 (2011).
P. W. SHoR, Phys. Rev. A 52, 2493(R) (1995).

M. A. NieLseEN and I. L. CrHuaNG, Quantum Computation and Quantum Information,
Cambridge University Press, 2000.

D. G. Cory, M. D. Price, W. Maas, E. KniLL, R. LarLamMMmE, W. H. ZUREK,
T. F. Haver, and S. S. Somaroo, Phys. Rev. Lett. 81, 2152 (1998).

J. CHIAVERINI, D. LEIBFRIED, T. ScHAETZ, M. D. BARRETT, R. B. BLAKESTAD,
J. BrirTon, W. M. Itano, J. D. Jost, E. KniLL, C. LANGER, R. OzERI, and D. J.
WINELAND, Nature 432, 602 (2004).

T. B. Prrrman, B. C. Jacoss, and J. D. FrRaNsoN, Phys. Rev. A 71, 052332 (2005).

M. Lassen, M. SaBuncu, A. Huck, J. Niset, G. Leucus, N. J. Cerr, and U. L.
ANDERSEN, Nature Photon. 4, 700 (2010).

P. ScHINDLER, J. T. BArRREIRO, T. MonNz, V. NEBENDAHL, D. Niga, M. CHWALLA,
M. HeNNRICH, and R. BrATT, Science 332, 1059 (2011).

D. Anaronov and A. Ta-SuMma, Adiabatic quantum state generation and statistical
zero knowledge, in Proc. 35th STOC, edited by N. Y. ACM, p. 20, 2003.

D. BErRry, G. AHOKAS, R. CLEVE, and B. SANDERS, Commun. Math. Phys. 270, 359
(2007).

A. CHiLps and R. KorHaRrl, Theory of Quantum Computation, Communication, and
Cryptography (TQC 2010), Lecture Notes in Computer Science 6519, 94 (2011).

K. Brown, W. MuUNRrO, and V. Kenpon, Entropy 12, 2268 (2010).

C. CLARK, T. METODI, S. GASSTER, and K. BRowN, Phys. Rev. A 79, 062314 (2009).
D. ABrawms and S. LLoyp, Phys. Rev. Lett. 83, 5162 (1999).

U. Haeserren and J. S. WaucgH, Phys. Rev. 175, 453 (1968).



360 BIBLIOGRAPHY

[127] J. WauGH, Average Hamiltonian Theory, Encyclopedia of Magnetic Resonance, 2007.

[128] S. Dienr, A. Micuerr, A. Kantian, B. Kraus, H. P. BUcHLER, and P. ZOLLER,
Nat. Phys. 4, 878 (2008).

[129] B. Kraus, H. P. BUCHLER, S. DienL, A. KaNTiaN, A. MicHELI, and P. ZOLLER,
Phys. Rev. A 78, 042307 (2008).

[130] F. VERSTRAETE, M. WoLF, and 1. Cirac, Nat. Phys. 5, 633 (2009).

[131] R. Wu, A. Pecuen, C. Brir, and H. Rasrrz, J. Phys. A: Math. Theor. 40, 5681
(2007).

[132] F. M. CuccHieTTl, J.-F. ZHaNG, F. C. LoMBARDO, P. I. VILLAR, and R. LAFLAMME,
Phys. Rev. Lett. 105, 240406 (2010).

[133] J. Dopp, M. NIELSEN, M. BREMNER, and R. THEW, Phys. Rev. A 65, 040301 (2002).

[134] P. WociaN, M. ROETTELER, D. JaNziNg, and T. BeTH, Quant. Inf. Comp. 2, 133
(2002).

[135] W. DUR, M. J. BREMNER, and H. J. BRIEGEL, Phys. Rev. A T8, 052325 (2008).

[136] J. W. BritTon, B. C. Sawver, A. C. KeirH, C.-C. J. Wang, J. K. FREERICKS,
H. Uvs, M. J. BIERCUK, and J. J. BOLLINGER, Nature 484, 489 (2012).

[137] M. Pouini, R. Fazio, A. H. MacDonNaLp, and M. P. Tosi, Phys. Rev. Lett. 95,
010401 (2005).

[138] N. ScuHucH, M. WoLr, F. VERSTRAETE, and J. Cirac, Phys. Rev. Lett. 100, 030504
(2008).

[139] N. ScuucH, J. CirAc, and F. VERSTRAETE, Phys. Rev. Lett. 100, 250501 (2008).

[140] M. Hastings, Phys. Rev. Lett. 103, 050502 (2009).

[141] H. Quan, Z. Song, X. Liu, P. Zanarpy, and C. P. Sun, Phys. Rev. Lett. 96, 140604
(2006).

[142] P. Zanarpi and N. Paunkovic, Phys. Rev. E 74, 031123 (2006).

[143] B. Georceor and D. L. SHEPELYANSKY, Phys. Ref. E 62, 3504 (2000).

[144] K. M. Frauwm, R. FLECKINGER, and D. L. SHEPELYANSKY, Fur. Phys. J. D 29, 139
(2004).

[145] P. W. Suor, SIAM J. Comput. 26, 1484 (1997).

[146] H. PicHLER, A. J. DALEY, and P. ZoLLER, Phys. Rev. A 82, 063605 (2010).

[147] H. PicHLER, J. SCHACHENMAYER, J. SiMoN, P. ZorLLERr, and A. J. DALEY,
arXiw:1205.6189v1 [cond-mat.quant-gas] (2012).

[148] J. HuBBARD, Proceedings of the Royal Society of London 276, 238 (1963).

[149] P. Pepri, L. PitaEvskil, S. STRINGARI, C. Forr, S. BURGER, F. S. CATALIOTTI,
P. Mabparoni, F. Minarpr, and M. INguscio, Phys. Rev. Lett. 87, 220401 (2001).

[150] V. A. Kasnurnikov, N. V. Prokor’Ev, and B. V. Svistunov, Phys. Rev. A 66,
031601(R) (2002).

[151] M. GrEINER, Ultracold quantum gases in three-dimensional optical lattice, PhD thesis,
Ludwig-Maximilians-Universitdt Miinchen, 2003.

[152] W. S. Bakr, J. GiLLEN, A. PENG, S. FoeLLING, and M. GREINER, Nature 462, 74
(2009).

[153] C. WerrenBera, M. En~bpres, J. F. Suerson, M. CHENEAU, P. SCHAUSS,

T. FUuKUHARA, 1. BLocH, and S. KUHR, Nature 471, 319 (2011).



BIBLIOGRAPHY 361

[154]

[155]
[156]

[157]
[158]

[159]
[160]

[161]

[162]
[163]
[164]
[165]

[166]
[167]

[168]
[169]

[170]

[171]
[172]

[173]

B. ZiMMERMANN, T. MULLER, J. MEINEKE, T. ESSLINGER, and H. MoriTz, New J.
Phys. 13, 043007 (2011).

L. SaNncHEZ-PALENCIA and M. LEWENSTEIN, Nat. Phys. 6, 87 (2010).

J. BiLLy, V. Jossg, Z. Zuo, A. BERNARD, B. HAMBRECHT, P. LucaN, D. CLEMENT,
L. SaNcHEZ-PALENCIA, P. BOUYER, and A. AsPEcT, Nature 453, 891 (2008).

G. Roari, C. D’Errico, L. FaLLani, M. FarTori, C. Fort, M. ZaccanTi, G. MobD-
uaNo, M. Mobugno, and M. Inguscio, Nature 453, 895 (2008).

S. S. Konbov, W. R. McGEHEE, J. J. ZIRBEL, and B. DEMARcoO, Science 334, 66
(2011).
P. W. ANDERSON, Phys. Rev. 124, 41 (1961).

C. BEcCkER, P. Sovrtan-Panani, J. KrRONJAGER, S. DORscHER, K. Bonags, and
K. SeEnasTOCk, New J. Phys. 12, 065025 (2010).

P. SorTtaN-PanaHI, J. STRUCK, P. HAUKE, A. Bick, W. PLENKERS, G. MEINEKE,
C. BECKER, P. WINDPASSINGER, M. LEWENSTEIN, and K. SExasTOCK, Nat. Phys. 7,
434 (2011).

L. TaArRrRUELL, D. GRrEIF, T. UEHLINGER, G. JoTzU, and T. EsSLINGER, Nature 483,
302 (2012).

G.-B. Jo, J. GuzMman, C. K. THoMas, P. Hosur, A. VISHWANATH, and D. M.
StamMPER-KURN, Phys. Rev. Lett. 108, 045305 (2012).

A. EckarDpT, P. HAUKE, P. Sortan-Panani, C. BEcKERr, K. SENGSTOCK, and
M. LeEwENSTEIN, Furophys. Lett. 89, 10010 (2010).

J. Struck, C. OuscHLAGER, R. Le Tarcar, P. Sortan-Panani, A. ECKARDT,
M. LEWENSTEIN, P. WINDPASSINGER, and K. SENGSTOCK, Science 833, 996 (2011).

M. LewensTeIN and W. V. L, Nat. Phys. 7, 101 (2011).

T. Lanave, C. MeNorTi, L. SaNTOS, M. LEWENSTEIN, and T'. Prau, Rep. Prog.
Phys. 72, 126401 (2009).

R. JOorDENS, N. STROHMAIER, K. GUNTER, H. MoriTz, and T. ESSLINGER, Nature
455, 204 (2008).

U. ScHNEIDER, L. HACKERMULLER, S. WiLL, T. Best, I. Brochu, T. A. Costi, R. W.
HeLMmEs, D. RascH, and A. RoscH, Science 822, 1520 (2008).

L. HACKERMULLER, U. SCHNEIDER, M. MORENO-CARDONER, T. Kitacawa, T. BEsT,
S. WiLL, E. DEMLER, E. ArtmaN, I. BrocH, and B. PAREDES, Science 327, 1621
(2010).

D. Grerr, L. TaArRruUELL, T. UEHLINGER, R. JORDENS, and T. ESSLINGER, Phys. Rev.
Lett. 106, 145302 (2011).

U. SCHNEIDER, L. HACKERMULLER, J. P. RONZHEIMER, S. WILL, S. Braun, T. BEsT,
I. BLocH, E. DEMLER, S. MaNDT, D. RascH, and A. RoscH, Nat. Phys. 8, 213 (2012).

D. Cuen, M. WHItg, C. Borrigs, and B. DEMaRrco, Phys. Rev. Lett. 106, 235304
(2011).

J. I. Cirac and P. ZoLLER, Phys. Rev. Lett. T4, 4091 (1995).

D. Porras and J. I. Cirac, Phys. Rev. Leit. 92, 207901 (2004).

F. MinTeERT and C. WuUNDERLICH, Phys. Rev. Lett. 87, 257904 (2001).

S. FisumaN, G. DE CHiArA, T. CaLarco, and G. Morici, Phys. Rev. B 77, 064111
(2008).



362 BIBLIOGRAPHY

[178] J. P. ScHIFFER, Phys. Rev. Lett. 70, 818 (1993).

[179] A. Dantan, M. ALBERT, J. MARLER, P. F. HErskIND, and M. DREWSEN, Phys Rev.
A 80, 041802(R) (2009).

[180] P. Haukg, F. M. CuccHIETTI, A. MULLER-HERMES, M.-C. BafuLs, J. I. Cirac,
and M. LEWENSTEIN, New J. Phys. 12, 113037 (2010).

[181] R. ScuMiED, J. H. WESENBERG, and D. LEIBFRIED, New J. Phys. 13, 115011 (2011).

[182] J. CHiaverint and W. E. LYBARGER, JR., Phys. Rev. A 77, 022324 (2008).

[183] R. Scumiep, J. H. WESENBERG, and D. LeiBFrIED, Phys. Rev. Lett. 102, 233002
(2009).

[184] D. Porras and J. Cirac, Phys. Rev. Lett. 96, 250501 (2006).

[185] C. ScuNEDER, M. EnDERLEIN, T. HUBER, and T. ScHAETZ, Nature Photon. 4, 772
(2010).

[186] M. En~xperceiN, T. Huser, C. ScunemER, and T. ScHAETZ, arXiv:1208.3329v1
[physics.atom-ph] (2012).

[187] M. Pons, V. AHUFINGER, C. WUNDERLICH, A. SANPERA, S. BRAUNGARDT,
A. SEN(DE), U. SEN, and M. LEWENSTEIN, Phys. Rev. Lett. 98, 023003 (2007).

[188] S. BrauNGARDT, A. SEN(DE), U. SEN, and M. LEWENSTEIN, Phys. Rev. A 76, 042307
(2007).

[189] A. BErMUDEZ, M. MARTIN-DELGADO, and D. Porras, New J. Phys. 12, 123016
(2010).

[190] 1. Garcia-MaTa, O. V. ZHIROV, and D. L. SHEPELYANSKY, Fur. Phys. J. D 41, 325
(2007).

[191] A. per Campo, G. D. CHiara, G. Morigi, M. B. Prenio, and A. RETZKER, Phys.
Rev. Lett. 105, 075701 (2010).

[192] L. Lamata, J. LEON, T. Scuirz, and E. SoLano, Phys. Rev. Lett. 98, 253005 (2007).

[193] A. BErMmUDEz, M. A. MARTIN-DELGADO, and E. SoLano, Phys. Rev. A 76, 041801
(2007).

[194] B. Horstmann, B. RezNik, S. Fagnoccul, and J. Cirac, Phys. Rev. Lett. 104,
250403 (2010).

[195] B. HorstMmanN, R. ScuUtzrOLD, B. REZNIK, S. FAGNOCCHI, and J. Cirac, New J.
Phys. 13, 045008 (2011).

[196] H. ScumiTz, R. MATJESCHK, C. SCHNEIDER, J. GLUECKERT, M. ENDERLEIN, T. Hu-
BER, and T. ScuareTz, Phys. Rev. Lett. 103, 090504 (2009).

[197] D. Porras and J. I. Cirac, Phys. Rev. Lett. 93, 263602 (2004).

[198] X.-L. Deng, D. Porras, and J. I. Cirac, Phys. Rev. A 77, 033403 (2008).

[199] A. BermubpEz, T. ScHAETzZ, and D. Porras, New J. Phys. 14, 053049 (2012).

[200] D. Porras, P. A. IvaNov, and F. ScHMIDT-KALER, Phys. Rev. Lett. 108, 235701
(2012).

[201] P. A. Ivanov and F. ScamipT-KALER, New J. Phys. 13, 125008 (2011).

[202] R. Scumiep, T. RosciLDE, V. MUrG, D. Porras, and J. I. Cirac, New J. Phys. 10,
045017 (2008).

[203] A. BErmUDEz, J. ALMEIDA, F. ScHMIDT-KALER, A. RETZKER, and M. B. PLENIO,

Phys. Rev. Lett. 107, 207209 (2011).



BIBLIOGRAPHY 363

[204] M. Maik, P. Haukg, O. Durta, J. Zaxkrzewskl, and M. LEWENSTEIN,
arXiv:1206.1752v1 [cond-mat.quant-gas] (2012).

[205] D. JakscH and P. ZoLLER, New J. Phys. 5, 56 (2003).

[206] A. S. SorENSEN, E. DEMLER, and M. D. LukiIN, Phys. Rev. Lett. 94, 086803 (2005).

[207] D. S. Gorpeaum and E. J. MuELLER, Phys. Rev. A 77, 033629 (2008).

[208] J. J. Garcia-RripoLL and J. K. Pacuos, New J. Phys. 9, 139 (2007).

[209] A. EckarpT, P. Haukg, P. Sorran-Panani, C. Becker, K. SENGsTOCK, and
M. LeEwENSTEIN, Furophys. Lett. 89, 10010 (2010).

[210] K. SacHa, K. TARGONSKA, and J. ZAKRZEWSKI, Phys. Rev. A 85, 053613 (2012).

[211] P. Haukg, O. TieLEMaNN, A. CeL, C. OLSCHLAGER, J. SIMONET, J. STRUCK,
M. WEINBERG, P. WINDPASSINGER, K. SENGsTOCK, M. LEWENSTEIN, and
A. EckarRDT, Phys. Rev. Lett. 109, 145301 (2012).

[212] H. T. Diep, editor, Frustrated Spin Systems, World Scientific, Singapore, 2004.

[213] R. Fazio and H. vaN pDER ZANT, Phys. Rep. 355, 235 (2001).

[214] P. HAaukg, M. LEWENSTEIN, and A. ECKARDT, in preparation .

[215] K. Mapison, M. C. FiscHER, R. B. DIENER, Q. N1u, and M. G. Raizen, Phys. Rev.

Lett. 81, 5093.

[216] H. LigNIER, C. Sias, D. CiamPINI, Y. SINGH, A. ZENESINI, O. MorscH, and E. ARI-
MONDO, Phys. Rev. Lett. 99, 220403 (2007).

. H. DunpLapP and V. M. KENKRE, Phys. Rev. B 34, 3625 (1986).

. GrossMaNN, P. Jung, T. DrrtricH, and P. HANGGI, Z. Phys. B 84, 315 (1991).
. HourHaus, Phys. Rev. Lett. 69, 351 (1992).

Eckarpt, C. Weiss, and M. HourHAus, Phys. Rev. Lett. 95, 260404 (2005).
EckarpT and M. HourHaus, Phys. Rev. Lett. 101, 245302 (2008).

KieriG, U. SCHNORRBERGER, A. SCHIETINGER, J. Tomkovic, and
. OBERTHALER, Phys. Rev. Lett. 100, 190405 (2008).

. LigNIER, A. ZENESINI, D. CiamPINI, O. MoORscH, E. ARIMONDO, S. MONTANGERO,
. PupiLro, and R. Fazio, Phys. Rev. A 79, 041601(R) (2009).

. TakaHasHI, Phys. Rev. B 40, 2494 (1989).

. Haukg, T. RosciLbE, V. MuURrg, J. I. Cirac, and R. ScuMIED, New J. Phys. 12,
53036 (2010).

[ . Lanczos, J. Res. Natl. Bur. Stand. 45, 255 (1950).

[227] A. W. Sanpvik and C. J. HAMER, Phys. Rev. B 60, 6588 (1999).

[228] A. L. CuernvysHev and M. E. ZaitoMIrsky, Phys. Rev. B 79, 144416 (2009).

[229] N. D. MermIN and H. WAGNER, Phys. Rev. Lett. 17, 1133 (1966).
[
[
[

N
S
ZOEE@rp 2P0

o
[\]
&
o1

¥
N
=
Q

230] B. S. SuasTRy and B. SUTHERLAND, Phys. Rev. Lett. 65, 243 (1990).
231] C. LHUILLIER, arXiv:cond-mat/0502464v1 (2005).

232] P. LecHEMINANT, B. Bernu, C. LuuiLLIER, L. PIERRE, and P. SINDzZINGRE, Phys.
Rev. B 56, 2521 (1997).

[233] H. KawaMURA, arXiv:cond-mat/0202109v1 (2002).
[234] J. RicHTER, C. GRrOS, and W. WEBER, Phys. Rev. B 44, 906 (1991).
[235] C. L. HENLEY, Phys. Rev. Lett. 62, 2056 (1989).



BIBLIOGRAPHY

S. E. KRUGER, J. RICHTER, J. SCHULENBURG, D. J. J. FARNELL, and R. F. BisHop,
Phys. Rev. B 61, 14607 (2000).

S. GHaMARI, C. KALLIN, S.-S. LEE, and E. S. SORENSEN, Phys. Rev. B 84, 174415
(2011).

A. WEIcHSELBAUM and S. R. WHITE, Phys. Rev. B 84, 245130 (2011).
S. Yunoki and S. SORELLA, Phys. Rev. B 74, 014408 (2006).
D. HemARIAN, S. SoRELLA, and F. Becca, Phys. Rev. B 80, 012404 (2009).

P. Haukg, T. RosciLpe, V. MuRra, J. Cirac, and R. Scamiep, New J. Phys. 13,
075017 (2011).

J. ReutHER and R. THOMALE, Phys. Rev. B 83, 024402 (2011).
P. C. HouenBERG, Phys. Rev. 158, 383 (1967).

V. L. BEREZINsKII, Sov. Phys. JETP 32, 493 (1971).

V. L. BEREZINSKII, Sov. Phys. JETP 34, 610 (1972).

J. M. Kostertitz and D. J. TrouLEss, J. Phys. C'6, 1181 (1973), Journal of Physics
C: Solid State Physics.

M. CraMER and J. Eiserr, New J. Phys. 8, 71 (2006).

D. H. Leg, J. D. JoannoprouLros, J. W. NeGELE, and D. P. Lanpau, Phys. Rewv.
Lett. 52, 433 (1984).

L. CapriorTi, A. CuccoLl, V. TogNETTI, P. VERRUCCHI, and R. Vaia, Phys. Rewv.
B 60, 7299 (1999).

A. Cuccor, V. ToaNETTI, and R. Vaia, Phys. Rev. B 52, 10221 (1995).
H.-Q. Ding and M. S. Makivi¢é, Phys. Rev. B 42, 6827 (1990).
K. Harapa and N. Kawasuima, Phys. Rev. B 55, R11949 (1997).

J. STEPHENSON, Can. J. Phys. 47, 2621 (1969).

J. STEPHENSON, Can. J. Phys. 48, 1724 (1970).

J. StepuENSON, Can. J. Phys. 48, 2118 (1970).

J. StepHENSON, J. Math. Phys. 11, 420 (1970).

P. HAUKE, arXiv:1205.1958v1 [cond-mat.quant-gas] (2012).

A. V. CuHuBukov, S. Sacupev, and J. YE, Phys. Rev. B 49, 11919 (1994).

B. I. HavreriN and P. C. HouENBERG, Phys. Rev. 188, 898 (1969).

T. Mowmot, J. Stat. Phys. 75, 707 (1994).

C. N. VarnEY, K. Sun, V. Garrrski, and M. Ricor, Phys. Rev. Lett. 107, 077201
(2011).

C. Mora and Y. CasTIN, Phys. Rev. A 67, 053615 (2003).

M. SNnoek and W. HOFSTETTER, Phys. Rev. A 76, 051603 (2007).

C. Wu, D. BErgMAN, L. BALENTS, and S. Das Sarma, Phys. Rev. Lett. 99, 070401
(2007).

C. Wu and S. Das SArRMA, Phys. Rev. B 77, 235107 (2008).

K. L. Lee, B. GrEmaup, R. Han, B.-G. ExGLERT, and C. MINIATURA, Phys. Rewv.
A 80, 043411 (2009).

E. ArBa, X. FErRNANDEzZ-GONzZALVO, J. Mur-PeTIT, J. K. PAcCHOS, , and J. J.
Garcia-RipoLL, Phys. Rev. Lett. 107, 235301 (2011).



BIBLIOGRAPHY 365

[268]
[269]

[270]

[271]
[272]

[273]
[274]
[275]
[276]

[277]

[278]
[279]
[280]

[281]
[282]

[283]
[284]

[285]

A. Gemv and K. Novoserov, Nature Mater. 6, 183 (2007).

M. LEmME, T. ECHTERMEYER, M. Baus, and H. Kurz, Electron Device Letters 28,
282 (2007).

F. ScrHEDIN, A. K. GEIM, S. V. Morozov, E. W. HiLL, P. BLAkE, M. [. KATSNEL-
soN, and K. S. NovoseLov, Nature Mater. 6, 652 (2007).

A. VakiL and N. ENGHETA, Science 332, 1291 (2011).
F. BoNnaccorso, Z. Sun, T. Hasan, and A. C. FErRARI, Nature Photon. 4, 611
(2012).

D. E. Cuang, A. S. S¢reENSEN, P. R. HEMMER, and M. D. LuxkiN, Phys. Rev. Lett.
97, 053002 (2006).

F. H. KoprENs, D. E. CHANG, and F. J. G. pE ABaJo, Nano Lett. 11, 3370 (2011).

T. ECHTERMEYER, L. BRITNELL, P. Jasnos, A. LomBARDO, R. (GORBACHEV,
A. GrIGORENKO, A. GEIM, A. FERrRrARI, and K. NovoserLov, Nat. Commun. 2,
458 (2011).

Y. L, R. CrENgG, L. Liao, H. Znou, J. Bai, G. Liu, L. Liu, Y. Huang, and
X. Duan, Nat. Commun. 2, 579 (2011).

J. Cuen, M. Bapiorl, P. Aronso-GonzALEz, S. THONGRATTANASIRI, F. HuTHh,
J. OsmonD, M. SpaseNovié, A. CENTENO, A. PrEsQUErA, P. GobigNON, A. Z.
ELorza, N. Camara, F. J. G. pE ABajo, R. HiLLEnBrAND, and F. H. L. Kop-
PENS, Nature 487, 77 (2012).

Z. Fe1, A. S. Robin, G. O. ANprREEV, W. Bao, A. S. McLeop, M. WaAGNER, L. M.
ZHANG, Z. ZHao, M. THIEMENS, G. DoMINGUEZ, M. M. FocGLER, A. H. C. NETO,
C. N. Lau, F. KeiLmany, and D. N. Basov, Nature 487, 82 (2012).

S. Iuma, Nature 354, 56 (1991).

X. Du, I. SkacHko, F. DUERR, A. LuicaN, and E. Y. ANDREI, Nature 462, 192
(2009).

M. Z. Hasan and C. L. KaNE, Rev. Mod. Phys. 82, 3045 (2010).

D. JakscH, H. J. BrieceL, J. I. Cirac, C. W. GARDINER, and P. ZOLLER, Phys.
Rev. Lett. 82, 1975 (1999).

O. MaNDEL, M. GREINER, A. WiDERA, T. Rom, T. W. HANscH, and [. BLocH,
Nature 425, 937 (2003).

P. J. LEg, M. ANDERLINI, B. L. BRowN, J. SEBB-STRABLEY, W. D. PHILLIPS, and
J. V. Porro, Phys. Rev. Lett. 99, 020402 (2007).

Y.-J. Lin, R. L. CompTONn, A. R. PERRY, W. D. PuLuirs, J. V. Porro, and I. B.
SPIELMAN, Phys. Rev. Lett. 102, 130401 (2009).

D. McKay and B. DEMarco, New J. Phys. 12, 055013 (2010).

R. GrimMm, W. M., and O. Y. B., Adv. At. Mol. Opt. Phys. 42, 95 (2000).

H. P. BUcHLER and G. BLATTER, Phys. Rev. Lett. 91, 130404 (2003).

I. TrrvINIDZE, M. SNOEK, and W. HOFSTETTER, Phys. Rev. Lett. 100, 100401 (2008).
E. Kmv and M. H. W. CuaN, Nature 427, 225 (2004).

E. Kmv and M. H. W. CHaN, Science 305, 1941 (2004).

A. S. C. RirTNeER and J. D. REPPY, Phys. Rev. Lett. 97, 165301 (2006).

A. S. C. Rirrner and J. D. Reppy, Phys. Rev. Leit. 98, 175302 (2007).



366

BIBLIOGRAPHY

[204]

[295]
[296]

[297]
[298]

[299]
[300]
[301]
[302]
[303]

[304]
[305]

[306]
[307]
[308]

[309]
[310]

[311]
[312]
[313]
[314]

[315]

[316]
[317]

[318]
[319]

K. Baumann, R. MoTTL, F. BRENNECKE, and T. EsSSLINGER, Phys. Rev. Lett. 107,
140402 (2011).

C. CHIN, R. GriMM, P. JULIENNE, and E. TiesINGA, Rev. Mod. Phys. 82, 1225 (2010).

S. INouvE, M. R. ANDREWS, J. STENGER, H.-J. MIESNER, D. M. STAMPER-KURN,
and W. KETTERLE, Nature 392, 151 (1998).

S. DoNi1AcH, Phys. Rev. B 24, 5063 (1981).

R. A. Peprino, J. CoOPER, D. Z. ANDERSON, and M. J. HoLLAaND, Phys. Rev. Lett.
103, 140405 (2009).

K. GUNTER, T. STOFERLE, H. MoriTz, M. KOHL, and T. EsSSLINGER, Phys. Rev.
Lett. 96, 180402 (2006).

S. OsPELKAUS, C. OsPELKAUS, O. WILLE, M. Succo, P. ErnsT, K. SENGSTOCK, and
K. Bongs, Phys. Rev. Lett. 96, 180403 (2006).

J. Catani, G. BaronTiNI, G. LamporEksi, F. RaBarTi, G. THALHAMMER, F. MI-
NARDI, S. STRINGARI, and M. INguscio, Phys. Rev. Lett. 103, 140401 (2009).

P. Sorran-Panani, D.-S. Loamany, J. STRuck, P. WINDPASSINGER, and K. SENG-
sTocK, Nature Physics 8, 71 (2012).

J. DariBarp, F. GERBIER, G. Juzeriunas, and P. OusrrG, Rev. Mod. Phys. 83,
1523 (2011).

Y.-J. LiN, K. JiMENEZ-GARCIA, and I. B. SPiELMAN, Nature 471, 83 (2011).

L.-K. Liv, C. Morais SmiTH, and A. HEMMERICH, Phys. Rev. Lett. 100, 130402
(2008).

L.-K. Lim, A. Lazaripes, A. HEmMERICH, and C. Morais SMmiTH, Phys. Rev. A 82,
013616 (2010).

A. BErRMUDEzZ, N. GorLbpMmAaN, A. KuBasiak, M. LEWENSTEIN, and M. MARTIN-
Devgapo, New J. Phys. 12, 033041 (2010).

C. Navak, S. H. SiMonN, A. STERN, M. FREEDMAN, and S. D. SarMma, Rev. Mod.
Phys. 80, 1083 (2008).

A. L. FETTER, Rev. Mod. Phys. 81, 647 (2009).

K. OsTERLOH, M. Baia, L. SaNTOS, P. ZOLLER, and M. LEWENSTEIN, Phys. Rev.
Lett. 95, 010403 (2005).

L. Mazza, A. BERMUDEZ, N. GoLpMAN, M. Rizzi, M. A. MARTIN-DELGADO, and
M. LEwWeNSTEIN, New J. Phys. 14, 015007 (2012).

A. ZenesiNig, H. LigNiER, C. Sias, O. MorscH, D. Ciampini, and E. ARIMONDO,
Laser Physics 20, 1182 (2009).

S. KogHEE, L.-K. L, M. O. GoEersig, and C. M. SmitH, Phys. Rev. A 85, 023637.
V. KaLMEYER and R.-B. LAvuGHLIN, Phys. Rev. Lett. 59, 2095 (1987).

N. GorpmaN, A. KuBasiak, P. GasparD, and M. LEWENSTEIN, Phys. Rev. A 79,
023624 (2009).

A. EckarpT and M. HorrHaus, EPL 80, 50004 (2007).

C. Sias, H. LIGNIER, Y. SINGH, A. ZENESINI, D. CiampINI, O. MoRrscH, and E. ARI-
MONDO, Phys. Rev. Lett. 100, 040404 (2008).

A. ALBerTL, V. V. IvaNov, G. M., TiNno, and G. FERRARI, Nat. Phys. 5, 547 (2009).
E. HaLLER, R. Hart, M. J. MaARk, J. G. Danzr, L. REICHSOLLNER, , and H.-C.



BIBLIOGRAPHY 367

NAGERL, Phys. Rev. Lett. 104, 200403 (2010).

A. R. Korovsky, Euro. Phys. Lett. 93, 20003 (2011).

S. D. Huser and E. Avurman, Phys. Rev. B 82, 184502 (2010).

L. MEessio, B. BErNU, and C. LHUILLIER, Phys. Rev. Lett. 108, 207204 (2012).

L. Messio, O. Cepas, and C. LHUILLIER, Phys. Rev. B 81, 064428 (2010).

C. L. Kane and E. J. MeLg, Phys. Rev. Lett. 95, 226801 (2005).

F. D. M. HaLpANE, Phys. Rev. Lett. 61, 2015 (1988).

M. LeviN and A. STERN, Phys. Rev. Lett. 103, 196803 (2009).

Z. Wang, X.-L. Q1, and S.-C. ZHaNG, Phys. Rev. Lett. 105, 256803 (2010).

W. Wu, S. RacHeL, W.-M. Liv, and K. L. Hur, Phys. Rev. B 85, 205102 (2012).
G. P. CoLLins, Scientific American 294, 56 (2006).

J. Ruseckas, G. JuzeLionas, P. OuBerG, and M. FLEISCHHAUER, Phys. Rev. Lett.
95, 010404 (2005).

A. Jacos, P. OHBERG, G. JUZELIUNAS, and L. SaNTos, Appl. Phys. B 89, 439 (2007).

G. JuzeLiUNas, J. Ruseckas, A. Jacos, L. Sanrtos, and P. OuBerG, Phys. Rev.
Lett. 100, 200405 (2008).

N. GoLpMmaNn, A. KuBasiak, A. BERMUDEZ, P. GAasPARD, M. LEWENSTEIN, and M. A.
MartTIN-DELGADO, Phys. Rev. Lett. 103, 035301 (2009).

F. GerBIER and J. DavLiBarDp, New J. Phys. 12, 033007 (2010).

M. BurreLLo and A. TROMBETTONI, Phys. Rev. Lett. 105, 125304 (2010).

M. BurrerLro and A. TROMBETTONI, Phys. Rev. A 84, 043625 (2011).

A. Zamora, G. Szirmal, and M. LEWENSTEIN, Phys. Rev. A 84, 053620 (2011).
A. HemMERICH and T. W. HANscH, Phys. Rev. Lett. 70, 410 (1993).

X.-J. Ly, X. Liu, C. Wu, and J. SiNova, Phys. Rev. A 81, 033622 (2010).

T. D. Stanescu, V. GaLitski, and S. D. Sarma, Phys. Rev. A 82, 013608 (2010).

N. Gorbman, I. Sarua, P. Nikoric, A. BErMUDEzZ, M. A. MARTIN-DELGADO,
M. LEWENSTEIN, and I. B. SPiELMAN, Phys. Rev. Lett. 105, 255302 (2010).

M. BucauaoLp, D. Cocks, and W. HOFSTETTER, arXiv:1204.0016v1 (2012).
N. Gorpman, J. BEuGNON, and F. GErBIER, Phys. Rev. Lett. 108, 255303 (2012).

E. Zuao, N. Bray-Avri, C. J. WiLLiams, . B. SpieLMaN, and I. I. Satwa, Phys.
Rev. A 84, 063629 (2011).

H. M. Price and N. R. CooPER, Phys. Rev. A 85, 033620 (2012).

H. P. BreUEr and M. HourHaus, Phys. Rev. Lett. 140, 507 (1989).

Y. Tokura and N. Nagaosa, Science 288, 462 (2000).

K. I. Kuger and D. I. Kaowmskii, Sov. Phys. Usp. 25, 231 (1982).

G. KHALIULLIN, Prog. Theor. Phys. Supplement 160, 155 (2005).

A. BrowaEyvs, H. HAFrFNER, C. McKENzIE, S. L. RoLstonN, K. HELMERSON, and
W. D. PuiLLips, Phys. Rev. A 72, 053605 (2005).

M. KonHL, H. MoriTz, T. STOFERLE, K. GUNTER, and T. EsSSLINGER, Phys. Rev.
Lett. 94, 080403 (2005).

T. MULLER, S. FOLLING, A. WIDERA, and . 1. BLocu Phys. Rev. Lett. 99, Phys. Rev.
Lett. 99, 200405 (2007).



368

BIBLIOGRAPHY

[353]

[354]
[355]

[356]

[357]

[358]
[359]
[360]
[361]
362]
363]

[364]
[365]
[366]

[367]
[368]
[369]

[370
[371
[372
[373
[374

[375
[376
[377
[378

[379]

M. AnDERLINI, P. J. LeEg, B. L. BRowN, J. SEBBY-STRABLEY, W. D. PHiLLIPS, and
J. V. Porro, Nature 448, 452 (2007).

G. WirtH, M. OLSCHLAGER, and A. HEMMERICH, Nat. Phys. 7, 147 (2011).

C. A. REgaL, C. TicknoR, J. L. Boun, and D. S. JiN, Phys. Rev. Lett. 90, 053201
(2003).

J. Zuang, E. G. M. vaNn KeEmMPEN, T. BourpEL, L. KHavykovicH, J. CUBIZOLLES,

F. Cuevy, M. TEicamANN, L. TARRUELL, S. J. J. M. F. KokkeLmaNs, and C. Sa-
LOMON, Phys. Rev. A 70, 030702(R) (2004).

C. H. Scuunck, M. W. ZwierLEIN, C. A. StaN, S. M. F. Ravrpaca, W. KETTERLE,
A. Smvoni, E. TiesiNnga, C. J. WiLniams, and P. S. JULIENNE, Phys. Rev. A 71,
045601 (2005).

K. GUNTER, T. STOFERLE, H. MoriTz, M. KOnL, and T. EsSSLINGER, Phys. Rev.
Lett. 95, 230401 (2005).

H. Moritz, T. STt6rERLE, K. GUNTER, M. KOHL, and T. EsSSLINGER, Phys. Rewv.
Lett. 94, 210401 (2005).

T. StorFerLE, H. MoriTz, K. GUNTER, M. KOHL, and T. EsSSLINGER, Phys. Rewv.
Lett. 96, 030401 (2006).

J. P. GAEBLER, J. T. StEwarT, J. L. Bonn, and D. S. JiN, Phys. Rev. Lett. 98,
200403 (2007).

M. Tueis, G. THALHAMMER, K. WINKLER, M. HELtwiG, G. RUFF, R. GriMM, and
J. H. DeNSCHLAG, Phys. Rev. Lett. 93, 123001 (2004).

G. THALHAMMER, M. THEIs, K. WINKLER, R. GrIMM, and J. H. DENscHLAG, Phys.
Rev. A 71, 033403 (2005).

K. GovaL, I. REICHENBACH, and I. DEUTscH, Phys. Rev. A 82, 062704 (2010).
R. Ciuryro, E. TiESINGA, and P. S. JULIENNE, Phys. Rev. A 71, 030701(R) (2005).

P. O. FepicHEv, Y. Kagan, G. V. SHLvapNikov, and J. T. M. WALRAVEN, Phys.
Rev. Lett. 77, 2913 (1996).

J. L. Boun and P. S. JULIENNE, Phys. Rev. A 54, R4637 (1996).
J. L. Boun and P. S. JULIENNE, Phys. Rev. A 60, 414 (1999).

P. Haukeg, E. Zuao, K. Govar, 1. H. Deutscu, W. V. Liu, and M. LEWENSTEIN,
Phys. Rev. A 84, 051603(R) (2011).

A. Isacsson and S. M. GirviN, Phys. Rev. A 72, 053604 (2005).

A. B. Kukrov, Phys. Rev. Lett. 97, 110405 (2006).

W. V. Liv and C. Wu, Phys. Rev. A 74, 013607 (2006).

E. Zuao and W. Liu, Phys. Rev. Lett. 100, 160403 (2008).

Axos Rapp, G. ZarAnD, C. HonerkaMP, and W. HOFSTETTER, Phys. Rev. Lett. 98,
160405 (2007).

Axos Rapp, W. HOFSTETTER, and G. ZARAND, Phys. Rev. B 77, 144520 (2008).

C. Wu, Phys. Rev. Lett. 100, 200406 (2008).

S. MivaTake, K. INaBA, and S. IcHIRO SuGa, Physica C 470, S916 (2009).

T. A. TérH, A. M. LAucHLl, F. Mira, and K. PENnc, Phys. Rev. Lett. 105, 265301
(2010).

M. LEWENSTEIN, A. SANPERA, V. AHUFINGER, B. Damski, A. SEN, and U. SEN, Adwv.



BIBLIOGRAPHY 369

Phys. 56, 243 (2007).

S. BrarT, T. L. Nicuorson, B. J. Broowm, J. R. WiLLiams, J. W. THOMSEN, P. S.
JULIENNE, and J. YE, Phys. Rev. Lett. 107, 073202 (2011).

. SzirmaAl and M. LEWENSTEIN, Europhys. Lett. 93, 66005 (2011).

. MukaMEL, arXiv:0905.1457v1 (2009).

. MenoTTI, C. TREFZGER, and M. LEWENSTEIN, Phys. Rev. Lett. 98, 235301 (2007).
. RaBL and P. ZoLLER, Phys. Rev. A 76, 042308 (2007).

. TrREFZGER, C. MENOTTI, and M. LEWENSTEIN, Phys. Rev. A 78, 043604 (2008).

. G. Barrouni, R. T. ScaLeTTAR, G. T. ZimaNny1, and A. P. Kamvpr, Phys. Rev.
Lett. T4, 2527 (1995).

P. SENgupTa, L. P. PrvaDpko, F. ALET, M. TROYER, , and G. ScuHMID, Phys. Rev.
Lett. 94, 207202 (2005).

L. Dang, M. BonNINsEGNI, and L. PoLLET, Phys. Rev. B 78, 132512 (2008).

B. CaAPOGROSsO-SANSONE, C. TREFzZGER, M. LEWENSTEIN, P. ZoLLER, and
G. PupiLLo, Phys. Rev. Lett. 104, 125301 (2010).

X.-L. DeNg, D. Porras, and J. I. Cirac, Phys. Rev. A 72, 063407 (2005).

R. Citro, E. OrigNac, S. DE Paro, and M. L. Cuioraro, Phys. Rev. A 75,
051602(R) (2007).

R. CiTtro, S. DE Paro, E. OriaNac, P. PeDpr1, and M. L. Cuioraro, New J. Phys.
10, 045011 (2008).

M. DaLmoNTE, G. PupiLLo, and P. ZoLLER, Phys. Rev. Lett. 105, 140401 (2010).

F. J. BurnELL, M. M. ParisH, N. R. CooPER, and S. L. SoxpHi, Phys. Rev. B 80,
174519 (2009).

V. NeBENDAHL and W. DUR, arXw:1205.267}v1 [quant-ph] (2012).

A. V. Gorszakov, S. R. ManmanNa, G. CHEN, J. YE, E. DEMLER, M. D. LukiIn, and
A. M. REY, Phys. Rev. Lett. 107, 115301 (2011).

E. Brion, L. H. PebpERSEN, and K. Mg@LMER, J. Phys. A: Math. Theor. 40, 1033
(2007).

P. Bak and R. BruiNsMmaA, Phys. Rev. Lett. 49, 249 (1982).

S. WesseL and M. TROYER, Phys. Rev. Lett. 95, 127205 (2005).

M. BoninseaNI and N. PrRokor’Ev, Phys. Rev. Lett. 95, 237204 (2005).

D. HempariaN and K. DaMLE, Phys. Rev. Lett. 95, 127206 (2005).

R. G. MELKO, A. PARAMEKANTI, A. A. Burkov, A. VisHWANATH, D. N. SHENG,
and L. BALENTs, Phys. Rev. Lett. 95, 127207 (2005).

L. PorLET, J. D. Picon, H. P. BUcHLER, and M. TrROYER, Phys. Rev. Lett. 104,
125302 (2010).

A. S. ArkHirov, G. E. ASTRAKHARCHIK, A. V. BELIKOvV, and Y. E. Lozovik, JETP
Lett. 82, 39 (2005).

H. P. BOcuLER, E. DEMLER, M. LukiN, A. MicueLl, N. PrRokor’Ev, G. PupPILLO,
and P. ZoLLER, Phys. Rev. Leit. 98, 060404 (2007).

F. A. LINDEMANN, Z. Phys. 11, 609 (1910).

A. ALBUQUERQUE, F. ALeT, P. CorBoz, P. DavaL, A. FEIGUIN, S. FucHs,
L. GampERr, E. Guir, S. GURTLER, A. HoNECkER, R. IgarasHi, M. KORNER,

havagos



370

BIBLIOGRAPHY

[430]
[431]

[432]

A. KozHEVNIKOV, A. LAucHLI, S. MaNMANA, M. MarsumoTto, I. McCULLOCH,
F. MiceeL, R. Noack, G. PawLowski, L. PoLLET, T. PRUSCHKE, U. SCHOLLWOCK,
S. Tobo, S. TreEBsT, M. TROYER, P. WERNER, and S. WEsseL, J. Magn. Magn.
Mater. 310, 1187 (2007).

S. R. WHITE, Phys. Rev. Lett. 69, 2863 (1992).

U. ScuoLiwdck, Rev. Mod. Phys. T7, 259 (2005).

A. ECKARDT, private communication (2010).

J. Freericks and H. MoNIEN, Phys. Rev. B 53, 2691 (1996).

G. VipaL, Phys. Rev. Lett. 98, 070201 (2007).

V. Murg, J. I. Cirac, B. Pirvu, and F. VERSTRAETE, New J. Phys. 12, 025012
(2010).

S. CHEN, L. Wang, Y. Hao, and Y. WaNG, Phys. Rev. A 77, 032111 (2008).

D. PETER, S. MULLER, S. WESSEL, and H. P. BUcHLER, Phys. Rev. Lett. 109, 025303
(2012).

T. KorrerL, M. LEWENSTEIN, and L. TAGLIACOZZO, arXiv:1207.3957v1 [cond-mat.str-
el] (2012).

P. W. ANDERSON, Science 235, 1196 (1987).

G. KotLiaR, Phys. Rev. B 37, 3664 (1988).

G. MiscuicH and C. LHUILLIER, Frustrated Spin Systems, p. 229, World Scientific,
Singapore, 2004.

. Eckert, O. RoMERO-IsarT, M. RobriGUEZ, M. LEWENSTEIN, E. S. PoLzik, and
. SANPERA, Nat. Phys. 4, 50 (2007).

. Eckert, O. ROMERO-IsarT, M. RobriGcuEz, M. LEWENSTEIN, E. S. PoLzik, and
. SANPERA, Nat. Phys. 4, 50 (2008).

Rosciupe, M. Robricuez, K. Eckerr, O. RoMERO-ISART, M. LEWENSTEIN,
Pourzik, and A. SANPERA, New J. Phys. 11, 055041 (2009).

De CHiARA and A. SANPERA, J. Low Temp. Phys. 165, 292 (2011).
. DE CHIARA, O. ROMERO-ISART, and A. SANPERA, Phys. Rev. A 83, 021604 (2011).

J. AppEL, P. J. WINDPASSINGER, D. OBLAK, U. B. Horr, N. KijERGAARD, and E. S.
Povrzik, Proc. Natl. Acad. Sci. U.S.A. 106, 10960 (2009).

T. Takano, M. Fuvama, R. Nawmiki, and Y. Taxkanasui, Phys. Rev. Lett. 102,
033601 (2009).

M. H. ScHLEIER-SMITH, 1. D. LErROUX, and V. VULETIG, Phys. Rev. A 81, 021804
(2010).

Z. CHEN, J. G. BoHNET, S. R. SANKAR, J. Dai1, and J. K. THOMPsON, Phys. Reuv.
Lett. 106, 133601 (2011).

R. J. SEweLL, M. KoscHOrRRECK, M. NaroLiTaANO, B. DuBosT, N. BEHBOOD, and
M. W. MrrcHELL, Quantum Electronics and Laser Science Conference (QELS) San
Jose, California, arXiv:1111.6969 [quant-ph] (2012).

G. Tétu and M. W. MitcHELL, New J. Phys. 12, 053007 (2010).

R. Dumke, M. Vork, T. MUTHER, F. B. J. BuceEkrREMER, G. BirkL, and W. ERt-
MER, Phys. Rev. Lett. 89, 097903 (2002).

J. Krusg, C. GierL, M. ScHLOSSER, and G. BIrRkL, Phys. Rev. A 81, 060308(R)

QOESFR PR



BIBLIOGRAPHY 371

(2010).

M. SCHLOSSER, S. TicHELMANN, J. KRUSE, and G. BIrRkL, Quantum Inf. Process. 10,
907 (2011).

J. CarDY, Scaling and Renormalization in Statistical Physics, Number 5, Cambridge
Lecture Notes in Physics, 1996.

. SAcHDEV, Quantum Phase Transitions, Cambridge University Press, 1999.

. Jozsa and N. LiNnDEN, Proc. R. Soc. Lond. A 459, 2011 (2003).

. Orriver and W. H. Zurek, Phys. Rev. Lett. 88, 017901 (2001).
HeNDERsON and V. VEDRAL, J. Phys. A 34, 6899 (2001).

. DarTa, A. SHaJL, and C. M. Caves, Phys. Rev. Lett. 100, 050502 (2008).

. FERrRARO, L. AoLiTa, D. CavarcanTi, F. M. CuccHierTl, and A. Acin, Phys.
Rev. A 81, 052318 (2010).

Z. MERrALIL, Nature 474, 24 (2011).

M. Gu, H. M. CHrzanowskl, S. M. Assap, T. Symur, K. Mopbi, T. C. RALPH,
V. VEDRAL, and P. K. Lam, Nat. Phys. (2012).

B. Daki¢, Y. O. Lipp, X. Ma, M. RINGBAUER, S. KROPATSCHEK, 5. Barz, T. Pa-
TEREK, V. VEDRAL, A. ZEILINGER, C. BRUKNER, and P. WALTHER, Nat. Phys. (2012).

P. Haukeg, R. J. SEwELL, M. W. MiITCHELL, and M. LEWENSTEIN, arXiv:1208.1861v1
[quant-ph] (2012).

K. HAMMERER, K. MgLMER, E. S. Porzik, and J. I. Cirac, Phys. Rev. A 70, 044304
(2004).

S. R. pE Ecnaniz, M. KoscHORRECK, M. Naporitano, M. KuBasik, and M. W.
MrrcHELL, Phys. Rev. A 77, 032316 (2008).

M. KoscHorrRECK, M. NapoLiTano, B. DuBosT, and M. W. MircueLL, Phys. Rev.
Lett. 105, 093602 (2010).

K. Mgumer and L. B. MADSEN, Phys. Rev. A 70, 052102 (2004).

L. B. Mapsen~ and K. M@LMER, Phys. Rev. A 70, 052324 (2004).

M. KoscHorrEcK and M. W. MiTcHELL, J. Phys. B 42, 195502 (2009).
‘W. DEMTRODER, Laser Spectroscopy, Berlin: Springer, 2002.

D. J. WiNELAND, J. J. BoLLINGER, W. M. Itano, and D. J. HEINZEN, Phys. Rev.
A 50, 67 (1994).

G. Gmepke and J. 1. Cirac, Phys. Rev. A 66, 032316 (2002).

T. J. OseorneE and M. A. NIELSEN, Phys. Rev. A 66, 032110 (2002).

A. OsTERLOH, L. AMmico, G. Farci, and R. Fazio, Nature 416, 608 (2002).

G. Vmar, J. I. LatorrEg, E. Rico, and A. Kitagv, Phys. Rev. Lett. 90, 227902
(2003).

F. VERSTRAETE, M. Popp, and J. I. Cirac, Phys. Rev. Lett. 92, 027901 (2004).

D. J. WINELAND, J. J. BOLLINGER, W. M. ITtaNO, F. L. MOORE, and D. J. HEINZEN,
Phys. Rev. A 46, R6797 (1992).

A. S. SoreNseEN and K. MoLMER, Phys. Rev. Lett. 86, 4431 (2001).
J. K. KorsBicz, J. Cirac, and M. LEWENSTEIN, Phys. Rev. Lett. 95, 120502 (2005).
G. Torn, C. Knaprp, O. GUHNE, and H. J. BrieGEL, Phys. Rev. Lett. 99, 250405

>0 T E®



372

BIBLIOGRAPHY

(2007).
G. TotH, C. Knapp, O. GUHNE, and H. J. BrIEGEL, Phys. Rev. A 79, 042334 (2009).

G. Vitagriano, P. Hyrwus, I. L. EGcusqQuiza, and G. ToTH, Phys. Rev. Lett. 107,
240502 (2011).

P. KramMER, H. KampPERMANN, D. Bruss, R. A. BerrLmany, L. C. Kwek, and
C. MACCHIAVELLO, Phys. Rev. Lett. 103, 100502 (2009).

M. CraMmER, M. B. PrENIO, and H. WuNDERLICH, Phys. Rev. Lett. 106, 020401
(2011).

F. D. HALDANE, Phys. Lett. A 93, 464 (1983).

G. FArr and J. S6LyomMm, Phys. Rev. B 44, 11836 (1991).

R. BursiLL, T. Xi1ang, and G. GeHRING, J. Phys. A 28, 2109 (1995).

U. ScHOLIWOCK, T. JOLICOEUR, and T. GAREL, Phys. Rev. B 53, 3304 (1996).

A. ImaMmBEKOvV, M. LUKIN, and E. DEMLER, Phys. Rev. A 68, 063602 (2003).

K. Buchrta, G. Farn, O. LEGEzA, and J. Sgrvom, Phys. Rev. B 72, 054433 (2005).
M

. Rizzi, D. Rossini, G. DE CHIARA, S. MONTANGERO, and R. Fazio, Phys. Rev.
Lett. 95, 240404 (2005).

A. LAucHul, G. ScumID, and S. TrEBST, Phys. Rev. B 74, 144426 (2006).
M. Kac, Am. Math. Monthly 73, 1 (1966).
D. Karrt and J. M. TAYLOR, arXiw:1207.7111v1 [quant-ph] (2012).

P. R. Jounson, E. Tiesinga, J. V. Porro, and C. J. WiLrLiams, New J. Phys. 11,
093022 (2009).

J. L, Y. Yu, A. M. DupAREv, and Q. N1, New J. Phys. 8, 154 (2006).
K. R. A. Hazzarp and E. J. MuEeLLER, Phys. Rev. A 81, 031602 (2010).
O. E. ALon, A. I. StreLTsov, and L. S. CEpErRBAUM, Phys. Rev. Lett. 95 (2005).

K. Sakmann, A. I. StrerTsov, O. E. Avon, and L. S. CEpERBAUM, New J. Phys.
13, 043003 (2011).

J. Larson, A. CoLLin, and J.-P. MARTIKAINEN, Phys. Rev. A 79, 033603 (2009).
A. Cerourl and E. LuNpH, Furo. Phys. Lett. 90, 46001 (2010).
S. ZOLLNER, H.-D. MEYER, and P. SCHMELCHER, Phys. Rev. Lett. 100, 040401 (2008).

L. Cao, I. Brouzos, S. ZOLLNER, and P. SCHMELCHER, New J. Phys. 13, 033032
(2011).

S. Wi, T. Best, U. SCHNEIDER, L. HACKERMULLER, D. LUnMANN, and 1. Brocs,
Nature 465, 197 (2010).

J. Catang, L. D. SarLo, G. BaronTINI, F'. MINARDI, and M. INcusclo, Phys. Rewv.
A 77, 011603(R) (2008).

S. WiLL, T. BesT, S. BrRAaUN, U. SCHNEIDER, and 1. BLocH, Phys. Rev. Lett. 106,
115305 (2011).

D.-S. LuamanN, K. Bonags, K. SENagsToCcK, and D. PFANNKUCHE, Phys. Rev. Lett.
101, 050402 (2008).

O. Durta, A. Eckarpt, P. Haukge, B. MaLoMmED, and M. LEWENSTEIN, New J.
Phys. 18, 023019 (2011).

T. Busch, B.-G. EnNGLERT, K. Rzazewski, and M. WiLkENs, Found. Phys. 28, 549



BIBLIOGRAPHY 373

[515]
[516]
[517]

[518]

(1998).

P. O. FepicHEv, M. J. BuLsma, and P. ZoLLER, Phys. Rev. Lett. 92, 080401 (2004).
X. Cui, Y. Wang, and F. Zuou, Phys. Rev. Leit. 104, 153201 (2010).

H. P. BUCHLER, Phys. Rev. Lett. 104, 090402 (2010).

M. CHioFaLO, M. Porini, and M. Tosi, Fur. Phys. J. D 11, 371 (2000).

P. Vignoro, Z. Akpeniz, and M. P. Tost, J. Phys. B 36, 4535 (2003).

J.-F. ScuaFF, Z. AkDENIz, and P. Vianoro, Phys. Rev. A 81, 041604(R) (2010).
E. Avurman and A. AUERBACH, Phys. Rev. Lett. 89, 250404 (2002).

S. D. HuBer, E. Artman, H. P. BUcHLER, and G. BLATTER, Phys. Rev. B 75,
085106 (2007).

F. MirLa and K. ScumIDpT, Introduction to Frustrated Magnetism, Chapter 20, volume
164, Springer Series in Solid-State Sciences, 2010.

R. BeEnDiaMa, B. KuMar, and F. Miva, Phys. Rev. Lett. 95, 110406 (2005).

M. W. H. Romans, R. A. DuiNg, S. Sacupev, and H. T. C. StooF, Phys. Rev.
Lett. 93, 020405 (2004).

K. WINKLER, G. THALHAMMER, F. LaNG, R. GriMM, J. HECKER DENSCHLAG, A. J.
DaLey, A. KanTian, H. P. BUCHLER, and P. ZoLLER, Nature 441, 853 (2006).

D. PeETrOSYAN, B. Scumipt, J. R. ANGLIN, and M. FLEISCHHAUER, Phys. Rev. A
76, 033606 (2007).

A. Kukrov, N. Prokor’Ev, and B. Svistunov, Phys. Rev. Lett. 92, 050402 (2004).
A. ArGUELLEs and L. Santos, Phys. Rev. A 75, 053613 (2007).

C. TREFZGER, C. MENOTTI, and M. LEWENSTEIN, Phys. Rev. Lett. 103, 035304 (2009).
M. Ecknorr and J. J. Garcia-RipoLL, Phys. Rev. A 77, 063603 (2008).

L. Mazza, M. Rizzi, M. LEweENsTEIN, and J. I. Cirac, Phys. Rev. A 82, 043629
(2010).

N. Svassen, D. M. BAuER, M. LETTNER, T. Vorz, D. DieTzE, J. J. GAarcia-RipoLL,
J. I. Cirac, G. REMPE, and S. DURR, Science 6, 1329 (2008).

A. J. DaLEy, J. M. TavyLor, S. Dignr, M. Baranov, and P. ZoLLER, Phys. Rewv.
Lett. 102, 040402 (2009).

M. J. ABrowitz and J. F. Labpik, J. Math. Phys. 17, 1011 (1976).

D. Cari, A. R. BisHopr, and N. GRoNBECH-JENSEN, Phys. Rev. Lett. 72, 591 (1994).
P. Kevrekipis, G. HERRING, S. LArForRTUNE, and Q. Hoq, Phys. Lett. A 376, 982
(2012).

K.-K. N1, S. OspeLkaus, M. H. G. pE Miranpa, A. PE’ER, B. NEYENHUIS, J. J.
ZIRBEL, S. KoTocHicova, P. S. JULIENNE, D. S. Jin, and J. YE, Science 322, 231
(2008).

S. OspeELKAUS, K.-K. N1, M. H. G. pE MIrANDA, B. NEYENHUIS, D. WaNG, S. Ko-
TOCHIGOVA, P. S. JuLienNe, D. S. JiN, and J. YE, Faraday Discuss. 142, 351 (2009).

K. Aikawa, D. Akamarsu, J. KoBavasui, M. Uepa, T. KisuimoTo, and S. INOUYE,
New J. Phys. 11, 055035 (2009).

J. DEIGLMAYR, A. GrocHOLA, M. REPP, K. MORTLBAUER, C. GLUCK, J. LANGE,
O. DuLiEu, R. WESTER, and M. WEIDEMULLER, Phys. Rev. Lett. 101, 133004.

K. GoraL, L. Santos, and M. LEWENSTEIN, Phys. Rev. Lett. 88, 170406 (2002).



BIBLIOGRAPHY

G. PupriLLo, A. GRIESSNER, A. MicHELI, M. ORTNER, D. WaNG, and P. ZOLLER,
Phys. Rev. Lett. 100, 050402 (2008).

D. Wang, M. LukiN, and E. DEMLER, Phys. Rev. Lett. 97, 180413 (2006).
G. Barrount, F. HEBERT, and R. SCALETTAR, Phys. Rev. Lett. 97, 087209 (2006).

T. SowiNski, O. Dutrta, P. Hauke, L. Tagriacozzo, and M. LEWENSTEIN, Phys.
Rev. Lett. 108, 115301 (2012).

W. Koun, Phys. Rev. 115, 809 (1959).

A. V. GorsHkov, M. HErMELE, V. Gurarie, C. Xu, P. S. JuLiENNE, J. YE,
P. ZoLLER, E. DEMLER, M. D. Lukin, and A. M. REY, Nat. Phys. 6, 289 (2010).

G. MazzARELLA, S. M. GiampaoLo, and F. ILLumiNaTi, Phys. Rev. A 73, 013625
(2006).

P. Baber and U. R. FiscHER, Phys. Rev. Lett. 103, 060402 (2009).

S. Korocuicgova and E. TiesiNGA, Phys. Rev. A 73, 041405(R) (2006).

A.-C. VoigT, M. TAGLIEBER, L. Costa, T. Aok, W. WIESER, T'. W. HANscH, and
K. DIECKMANN, Phys. Rev. Lett. 102, 020405 (2009).

P. Buonsante and A. VEzzani, Phys. Rev. Leit. 98, 110601 (2007).

M. Cozzini, P. GiorDA, and P. ZANARDI, Phys. Rev. B 75, 014439 (2007).
W. L. You, Y. W. L1, and S. J. Gu, Phys. Rev. E 76, 022101 (2007).

G. VipaL, Phys. Rev. Leit. 101, 110501 (2008).

G. Evensry and G. Vipar, Phys. Rev. B 79, 144108 (2009).

S. SacHDEvV, Quantum Phase Transitions, Cambridge University Press, Cambridge,
1999.

A. DE MarTINO, M. THORWART, R. EGGER, and R. Granam, Phys. Rev. Lett. 94,
060402 (2005).

E. Lies, T. Scuurrz, and D. MarTis, Annals of Phys. 16, 407 (1961).
G. REFAEL and J. MoOORE, Phys. Rev. Lett. 93, 260602 (2004).

M. P. FisHER, P. B. WEICHMANN, G. GRINSTEIN, and D. S. FisHER, Phys. Rev. B
40, 546 (1989).

R. FreepmaN and J. A. HErrz, Phys. Rev. B 15, 2384 (1977).
A. UHLMANN, Rep. Math. Phys. 9, 273 (1976).

M. N. BARBER, Phase Transitions and Critical Phenomena, volume 8, Academic
Press, 1983.

M. NIGHTINGALE, Physica A 83, 561 (1975).

N. T. JacoBsoN, S. GARNERONE, S. Haas, and P. ZaNarDI1, Phys. Rev. B 79, 184427
(2009).

J. CARDY, Boltzmann Medal Lecture, StatPhys24, Cairns, http://www-
thphys.physics.oz.ac.uk/people/JohnCardy/seminars/statphys2/.pdf (2010).

C. HouLzHEY, F. LARrseN, and F. WiLczek, Nucl. Phys. B 424, 443 (1994).

P. CavaBrese and J. Carbpy, J. Stat. Mech. , P06002 (2004).

T. Gorin, T. Prosen, T. SeELIGMAN, and M. ZNiDARIC, Phys. Rep. 435, 33 (2006).
T. Prosen and M. ZNIpaRIc, Phys. Rev. E 75, 015202 (2007).

A. PerALEs and G. VIDAL, Phys. Rev. A 78, 042337 (2008).



BIBLIOGRAPHY 375

[550]

[551]
[552]
[553]

D. Anaronov and M. BEN-OR, arXiv:quant-ph/9611029v1 , Proceedings of 37th
Conference on Foundations of Computer Science (1996).

A. Harrow and M. NIELSEN, Phys. Rev. A 68, 012308 (2003).
S. VirmaANI, S. F. HueLGa, and M. B. PLENiO, Phys. Rev. A 71, 042328 (2005).

M. M. Worr, F. VERSTRAETE, M. B. HasTinGgs, and J. I. Cirac, Phys. Rev. Lett.
100, 070502 (2008).

F. VersTtrARTE and J. I. Cirac, arXiw:cond-mat/0407066v1 (2004).

G. E. Moore, Electronics 38 (1965).

J. RicHTER and J. SCHULENBURG, Eur. Phys. J. B 73, 117 (2009).
http://www.caam.rice.edu/software/ ARPACK/.

I. ArrLEck, T. KeEnnNeEDY, E. H. LiEB, and H. Tasaki, Phys. Rev. Lett. 59, 799
(1987).

C. K. Majumpar and D. GHosH, J. Math. Phys. 10, 1388 (1969).

M. Hastings, J. Stat. Mech. Theory and Ezp. , P08024 (2007).

S. OstLunDp and S. RoMMmER, Phys. Rev. Lett. 75, 3537 (1995).

S. RomMmEer and S. OsTLUND, Phys. Rev. B 55, 2164 (1997).

J. DukeLsky, M. A. MARTIN-DELGADO, T. NisuHiNo, and G. SIERRA, Furophys. Lett.
43, 457 (1998).

F. VERSTRAETE, D. PorraAs, and J. I. Cirac, Phys. Rev. Lett. 93, 227205 (2004).

A. WEICHSELBAUM, F. VERSTRAETE, U. ScHoLmwOck, J. I. Cirac, and J. vonN
DeLFT, Phys. Rev. B 80, 165117 (2009).

S. R. WHITE, Phys. Rev. B 48, 10345 (1992).

L. CapriorTi, D. J. ScavrapriNo, and S. R. WHiTE, Phys. Rev. Lett. 93, 177004
(2004).

S. R. WHITE and A. L. CHERNYSHEV, Phys. Rev. Lett. 99, 127004 (2007).

F. VERSTRAETE, M. M. WoLr, D. PErez-GARcIa, and J. I. Cirac, Phys. Rev. Lett.
96, 220601 (2006).

V. Murg, F. VERSTRAETE, and J. I. Cirac, Phys. Rev. A 75, 033605 (2007).

N. ScuucH, M. M. Worr, F. VERSTRAETE, and J. I. Cirac, Phys. Rev. Lett. 98,
140506 (2007).

F. VERSTRAETE, J. I. Cirac, and V. Mura, Adv. Phys. 57 (2), 143 (2008).
G. VIDAL, Phys. Rev. Lett. 99, 220405 (2007).

G. VipaL, Understanding Quantum Phase Transitions, Taylor & Francis, Boca Raton,
2010.

P. Jorpan and E. WIGNER, Z. Phys. 47, 631 (1928).
F. VERSTRAETE and J. Cirac, J. Stat. Mech. 0509, P012 (2005).

A. TsveLk, Quantum Field Theory in Condensed Matter Physics, Cambridge Uni-
versity Press, Cambridge, 2003.

M. GIRARDEAU, J. Math. Phys. 1, 516 (1960).

B. PaArEDES, A. WIDERA, V. MuURG, O. MAaNDEL, S. FoLuing, J. I. Cirac, G. V.
SuryapNikov, T. W. HANscH, and 1. BLocH, Nature 429, 277 (2004).

L. Levitov, H. LeEg, and G. Lesovik, J. Math. Phys. 37, 4845 (1996).



BIBLIOGRAPHY

I. KricH, Quantum Noise in Mesoscopic Systems, Kluwer, 2003.

D. S. Rokusar and B. G. KoTLIiAR, Phys. Rev. B 44, 10328 (1991).

W. Krauth, M. Carrarer, and J.-P. BoucHaup, Phys. Rev. B 45, 3137 (1992).
W. ZWERGER, J. Opt. B 5, S9 (2003).

B. CarPoGrosso-SaNsoNE, N. V. ProkoF’Ev, and B. V. Svistunov, Phys. Rev. B
75, 134302 (2007).

S. WEssEL, F. ALET, M. TROYER, and G. BATROUNI, Phys. Rev. A 70, 053615 (2004).
T. D. KUHNER, S. R. WHiTE, and H. MoNIEN, Phys. Rev. B 61, 12474 (2000).

G. G. Barrount and R. T. ScaLETTAR, Phys. Rev. B 46, 9051 (1992).

J. ZAKRrZEWSKI, Phys. Rev. A 71, 043601 (2005).

D. JakscH, V. VENTURI, J. [. Cirac, C. J. WiLLiams, and P. ZoLLER, Phys. Rev.
Lett. 89, 040402 (2002).

B. Dawmski, L. SanTos, E. TiIEMANN, M. LEWENSTEIN, S. KoTocHIiGova, P. JuLI-
ENNE, and P. ZoLLER, Phys. Rev. Lett. 90, 110401 (2003).

H. FearMmaNnN, M. A. Baranov, B. Damski, M. LEWENSTEIN, and L. SanTos, Opt.
Comm. 243, 23 (2004).

H. FEanrMANN, M. Baranov, M. LEWENSTEIN, and L. Santos, Opt. Ezpress 12, 55
(2004).

V. AHUFINGER, L. SaNcHEz-PALENCIA, A. KANTIAN, A. SANPERA, and M. LEWEN-
STEIN, Phys. Rev. A 72, 063616 (2005).

P. Haukg, Classical and Quantum Simulations of Frustrated Spin Models, Master’s
thesis, Technical University of Munich and Max-Planck Institute of Quantum Optics,
Garching, 2009.

A. FeETTER and J. WALECKA, Quantum Theory of Many-Particle Systems, McGraw
Hill, New York, 1971.

J. H. Xu and C. S. TiNg, Phys. Rev. B 43, 6177 (1991).

F. J. Dyson, Phys. Rev. 102, 1217 (1956).

S. V. MALEEV, Zh. Eksp. Teor. Fiz. 30, 1010 (1957), see also Sov. Phys. JETP 6, 776
(1958).

A. I. AKHIEZER, V. G. BARIAKHTAR, and S. V. PELETMINSKII, Spin waves, North-
Holland Pub. Co., 1968.

. V. Dotsenko and O. P. Susakov, Phys. Rev. B 50, 13821 (1994).
J. Dyson, E. H. Lies, and B. Simon, J. Stat. Phys. 18, 335 (1978).
. KEnNEDY, E. H. LiEB, and B. S. SHASTRY, J. Stat. Phys. 53, 1019 (1988).
. Manousakis, Rev. Mod. Phys. 63, 1 (1991).
. ANDERSON, Materials Research Bulletin 8, 153 (1973).
. Fazekas and P. W. ANDERSON, Philosophical Magazine 30, 423 (1974).

. A. KasTNER, R. J. BIRGENEAU, G. SHIRANE, and Y. ExpDoH, Rev. Mod. Phys.
70, 897 (1998).

C. pE LA Cruz, Q. Huang, J. W. Lynn, J. L1, W. Rarcrirr 11, J. L. ZARESTKY,
H. A. Mook, G. F. Cuen, J. L. Luo, N. L. Wang, and P. Da1, Nature 453, 899
(2008).

R. CorbeEa, D. A. TexNnaNnT, A. M. TsvEeLIK, and T. TyrLczyNski, Phys. Rev. Lett.

b

29w EaE



BIBLIOGRAPHY 377

86, 1335 (2001).

[610] Y. Suimmizu, K. Mrvacgawa, K. Kanoba, M. Magsaro, and G. Sarro, Phys. Rev.
Lett. 91, 107001 (2003).

[611] S. YamasHiTa, Y. Nakazawa, M. Ocuni, Y. OsHiMa, H. Nouiri, Y. SHIMIZU,
K. Mrvacawa, and K. KaNoDpa, Nat. Phys. 4, 459 (2008).

[612] P. CarreETTA, N. PaPiNuTTO, R. MELZI, P. MILLET, S. GONTHIER, P. MENDELS,
and P. WzieTek, J. Phys.: Condens. Matter 16, S849 (2004).

[613] R. NaTH, A. A. TsIrLIN, H. RosNER, and C. GEIBEL, Phys. Rev. B 78, 064422 (2008).
[614] Z. WEIHONG, R. H. McKENzIE, and R. R. P. SincH, Phys. Rev. B 59, 14367 (1999).

[615] M. Q. WeENg, D. N. SHENG, Z. Y. WENG, and R. J. BursiLL, Phys. Rev. B 74,
012407 (2006).

[616] J. O. FyaeEresTtaD, W. ZHENG, R. R. P. SingH, R. H. McKEenNzIE, and R. COLDEA,
Phys. Rev. B 75, 174447 (2007).

[617] M. Kouno, O. A. STARYKH, and L. BALENTS, Nat. Phys. 3, 790 (2007).
[618] O. A. Starvyku and L. BaLeENTs, Phys. Rev. Lett. 98, 077205 (2007).

[619] R. R. P. SinaH, Z. WEIHONG, C. J. HAMER, and J. Orrmaa, Phys. Rev. B 60, 7278
(1999).

[620] L. CapriorTi, F. BECCcA, A. PArOLA, and S. SORELLA, Phys. Rev. Lett. 87, 097201
(2001).

[621] O. P. Susukov, J. OrrMAA, and Z. WEIHONG, Phys. Rev. B 63, 104420 (2001).
[622] P. SiNDzINGRE, Phys. Rev. B 69, 094418 (2004).

[623] J. SIRkER, Z. WEIHONG, O. P. Susukov, and J. OrrMaa, Phys. Rev. B 73, 184420
(2006).

[624] M. MawmBrini, A. LAucHuy, D. Pomwsranc, and F. Mira, Phys. Rev. B 74, 144422
(2006).

[625] R. Darrabpi, O. Derzuko, R. ZINKE, J. SCHULENBURG, S. E. KRUEGER, and
J. RICHTER, Phys. Rev. B T8, 214415 (2008).

[626] L. WanNg, Z.-C. Gu, F. VERSTRAETE, and X.-G. WEN, arXiv:1112.8331v2 [cond-
mat.str-el] (2011).

[627] H.-C. Jiang, H. Yao, and L. BALENTS, Phys. Rev. B 86, 024424 (2012).

[628] F. FicueiriDO, A. KarrLHEDE, S. KiveELson, S. Sonpui, M. Rocek, and D. S.
ROKHSAR, Phys. Rev. B 41, 4619 (1989).

[t N. REaD and S. SAcHDEV, Phys. Rev. Lett. 66, 1773 (1991).

[ J. FERRER, Phys. Rev. B 47, 8769 (1993).

[t P. HaUkE, arXiv:1205.1955v1 [cond-mat.str-el] (2012).

[632] J. ScuuLENBURG and J. RICHTER, Eur. Phys. J. B 73, 117 (2010).

[ L. CarrioTTI, A. E. TRUMPER, and S. SORELLA, Phys. Rev. Lett. 82, 3899 (1999).
[f L. O. ManueL and H. A. Ceccarro, Phys. Rev. B 60, 9489 (1999).

[635] R. L. DorerTO and M. Voista, Phys. Rev. B 85, 104416 (2012).

[ C

. WEBER, A. LAucHLl, F. Mira, and T. GiamarcHI, Phys. Rev. B 73, 014519
2006).

[637] R. R. P. SiNGH, Phys. Rev. B 39, 9760 (1939).

—~



378 BIBLIOGRAPHY

[638] A. SanDViIK, Phys. Rev. B 56, 11678 (1997).

[639] W. Zueng, J. O. Fyaerestap, R. R. P. Sinau, R. H. McKEenzig, and R. COLDEA,
Phys. Rev. B 74, 224420 (2006).

[640] A. V. CuuBuKkov, S. SAcHDEV, and T. SENTHIL, J. Phys.: Condens. Matter 6, 8891
(1994).

[641] C. J. Gazza and H. A. Ceccarto, J. Phys.: Condens. Matter 5, L135 (1993).

[642] A. E. TrumMPER, Phys. Rev. B 60, 2987 (1999).

[643] A. W. Sanpvik and H. G. Everrz, Phys. Rev. B 82, 024407 (2010).

[644] P. LEcHEMINANT, B. BErNU, C. LHUILLIER, and L. PIERRE, Phys. Rev. B 52, 9162
(1995).

[645] E. P. Scriven and B. J. PoweLL, Phys. Rev. Lett. 109, 097206 (2012).

[646] K. Yosuimi, H. Seo, S. IsHiBasHI, and S. E. BRowN, Physica B: Condensed Matter
407, 1783 (2012).

[647] A. A. TsiruN, A. MOELLER, B. LORENz, Y. SkOURSKI, and H. RosNER, Phys. Rev.
B 85, 014401 (2012).

[648] K. Kanopa and R. Kato, Annu. Rev. Condens. Matter Phys. 2, 167 (2011).

[649] B. J. PoweLL and R. H. McKENzIE, Rep. Prog. Phys. 74, 056501 (2011).

[650] R. Corpea, D. A. Tennant, K. HaBicut, P. SMEemBIDL, C. WOLTERS, and
Z.TvyrLczynski, Phys. Rev. Lett. 88, 137203 (2002).

[651] T. Ono, H. Tanaka, T. NakacoMi, O. KoLoMiYETs, H. MITAMURA, F. ISHIKAWA,
T. Goro, K. Nakajima, A. Oosawa, Y. Koike, K. Kakural, J.KLENKE,
P. SMmEeBIDLE, M. MEIssNER, and H. A. Karori, J. Phys. Soc. Jpn. Suppl. 74,
135 (2005).

[652] G. Gasparovic, Physics of frustrated systems: A neutron scattering study, PhD thesis,
The Johns Hopkins University, 2005.

[653] M. P. GerLranp, R. R. Sincs, and D. A. Huse, Phys. Rev. B 40, 10801 (1989).

[654] A. Moreo, E. DacoTTo, T. JOLICOEUR, and J. RIERA, Phys. Rev. B 42, 6283 (1990).

[655] A. CuuBukov, Phys. Rev. B 44, 392 (1991).

[656] P. W. Leung and N. Lam, Phys. Rev. B 53, 2213 (1996).

[657] P. Cuanpbra and B. Doucor, Phys. Rev. B 38, 9335 (1988).

[658] P. LocHER, Phys. Rev. B 41, 2537 (1990).

[659] Q. F. Zuong and S. SoreLLA, Europhys. Lett. 21, 629 (1993).

[660] L. CapriorT! and S. SacupEV, Phys. Rev. Lett. 93, 257206 (2004).

[661] V. MuraG, F. VERSTRAETE, and J. I. Cirac, Phys. Rev. B 79, 195119 (2009).

[662] H. NisHimorI and Y. Saika, J. Phys. Soc. Jpn. 59, 4454 (1990).

[663] A. F. BaraBanov and O. A. StarykH, JETP Lett. 51, 311 (1990).

[664] J. H. Xu and C. S. Ting, Phys. Rev. B 42, 6861 (1990).

[665] N. B. Ivanov and P. C. IvaNov, Phys. Rev. B 46, 8206 (1992).

[666] 1. G. GocHEV, Phys. Rev. B 49, 9594 (1994).

[667] T. Einarsson and H. J. Scuurz, Phys. Rev. B 51, 6151 (1995).

[668] H. Scuurz, T. Ziman, and D. PoiLBLanc, J. Phys. I France 6, 675 (1996).

[669] A. E. TRUMPER, L. O. ManuEL, C. J. Gazza, and H. A. Ceccarto, Phys. Rev.



BIBLIOGRAPHY 379

Lett. 78, 2216 (1997).
[670] L. O. ManueL, A. E. TRUMPER, and H. A. CeccarTo, Phys. Rev. B 57, 8348 (1998).

[671] J. Bonca, J. P. RoDRIGUEZ, J. FERRER, and K. S. BepeELL, Phys. Rev. B 50, 3415
(1994).

[672] J. REUTHER, P. WOLFLE, R. DarrADI, W. BreENIG, M. ARLEGO, and J. RICHTER,
Phys. Rev. B 83, 064416 (2011).



	Abstract
	Resumen
	Acknowledgements
	Contents
	Published articles
	I Quantum Simulators – Background and Foundations
	 Theoretical considerations
	Definition of a quantum simulator
	Digital quantum simulators (DQS)
	Universal digital quantum simulators (UDQS)
	Non-universal digital quantum simulators (nUDQS)
	Open-system digital quantum simulators (OSDQS)

	Analog quantum simulators (AQS) 
	Universal analog quantum simulators (UAQS)
	Non-universal analog quantum simulators (nUAQS)
	Open-system analog quantum simulators (OSAQS)

	Summary

	 Ultracold atoms and ions as analog quantum simulators
	 Ultracold atoms in optical lattices
	Experimental realization of optical lattices
	Derivation of the Bose–Hubbard model
	Time-of-flight imaging of the atom momentum distribution
	Advantages and future directions

	 Trapped ions
	Trap setups for ultracold ions
	Advantages, disadvantages, and current directions



	II Quantum Simulators – Calculation and Experiment
	Frustrated quantum magnetism in a triangular lattice
	Realizing the positive-hopping Hubbard model via shaking
	The shaken lattice system
	Tunnel modification by off-resonant shaking

	The quantum SATL at T=0
	Classical phase diagram and previous results 
	Distinction of spin-liquid candidate regions
	Signatures of ordering and spin-liquid behavior in the ED spectra of a small cluster 
	Analysis of the ordered phases
	Momentum distribution of the hardcore bosons 
	Summary

	Finite-temperature phase diagram 
	Spin–spin correlations
	The phase diagram
	Observables distinguishing between LRO and SRO 
	Summary

	The quantum SCATL at T=0
	Classical phase diagram
	Quantum-mechanical phase diagram

	Summary for the frustrated quantum models 
	Connection to current experiments and summarizing remarks 

	Quantum gases in spin-dependent honeycomb lattices
	Experimental setup
	Basic behavior of atoms in the spin-dependent lattice
	Experimental measurement methods

	Theoretical model
	Superfluid to Mott-insulator transition in pure systems
	Tuning the system behavior using spin mixtures
	Particle distribution in mixtures and forced supersolid
	Superfluid to Mott-insulator transition in mixtures

	Summary

	Gauge fields and topological insulators via lattice shaking
	Basic scheme and temporal symmetries
	Staggered fluxes in triangular plaquettes
	Superlattice modulation and flux rectification
	Topological and quantum spin Hall insulator
	Mimicking the dispersion relation of a topological insulator
	Topological insulators and Haldane model
	Numerical example

	Non-Abelian SU(2) gauge fields
	Engineering non-Abelian SU(2) tunneling matrices
	Analytic calculation of the Wilson loop
	Numerical calculation of the Wilson loop
	Achieving non-trivial Wilson loop in honeycomb lattices

	Summarizing remarks and outlook

	Orbital order of fermions near an optical Feshbach resonance
	Tunable interactions using an optical Feshbach resonance
	Phase diagram in the strong-coupling limit at 1/3 filling
	Preliminary considerations
	Gutzwiller mean-field analysis

	Experimental signatures of the orbital phases in ToF images
	Summary

	A trapped ion quantum simulation of long-range interactions
	A spin model with competing long-range interactions
	Experimental implementation 
	Porras–Cirac (2004) scenario
	Effective spin–spin interaction
	Scenario involving walking waves and polarization gradients

	Expected behavior of the model
	Mean-field approximations
	Perturbative mean-field theory
	Wigner-crystal melting at low filling

	Density-matrix renormalization group
	Infinite time evolving block decimation
	Exact diagonalization
	Dipolar ions in 2D
	Summary

	Quantum control of spin correlations in ultracold lattice gases
	Description of the scheme
	Atom–light interaction, measurement, and feedback
	Strategy for quantum correlation engineering
	Influence of decoherence
	Entanglement witness

	Numerical results
	Generic examples: exponential and algebraic decay
	Specific examples: period-3 critical phase, Gaussian peak

	Summary


	III Quantum Simulators – Robustness and Reliability
	Bose–Hubbard model with occupation-dependent parameters
	Bose–Hubbard physics at strong interactions
	The occupation-dependent Bose–Hubbard model
	Insulator to single-particle superfluid transition 
	Superfluidity of extended (bond-centered) pairs
	Superfluidity of local (site-centered) pairs 
	Weakly-interacting limit
	Summary

	Dipolar molecules in optical lattices revisited
	Description of the system
	Bose–Hubbard physics for strong dipole moment
	The phase diagram at strong dipole moment
	Exact diagonalization at half-filling
	Grand-canonical phase diagram
	ED at half-filling for full long-range interactions

	Summary

	Robustness of quantum simulators against disorder
	The transverse Ising model – an exactly solvable model
	Influence of disorder on quantum simulation of statics
	Simulator fidelities
	Correlations, gap, and critical point
	Universal quantities: Critical exponents and central charge

	Influence of disorder on quantum simulation of dynamics
	Discussion and Outlook


	IV Analytical and numerical methods
	(Quasi-)Exact methods
	Exact diagonalization
	Density-matrix renormalization group (DMRG) methods
	Matrix-product states (MPS) and DMRG
	Limitations of MPS in 2D and their extension to PEPS
	Limitations of MPS at criticality and MERA

	The Jordan–Wigner transformation

	Mean-field methods
	The Gutzwiller mean-field Ansatz
	General formalism
	Example: standard Bose–Hubbard model
	Advantages and limitations

	Perturbative mean-field theory 
	Mora–Castin expansion in fluctuations of a BEC
	Expansion in phase and density fluctuations
	Minimization of free energy


	Modified spin-wave theory
	The formalism
	Expansion around classical reference state
	Mean-field approximation
	Takahashi's constraint
	The self-consistent equations
	Optimization of the ordering vector
	Spin stiffness

	Example: MSWT on frustrated Heisenberg magnets
	MSWT on the SATL
	MSWT on the SCATL
	MSWT on the J1J2J3 model
	Summary 


	Conclusion
	Acronyms
	Bibliography


