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Zusammenfassung

In dieser Arbeit untersuchen wir unkonventionelle Ordnung in Festkérpern und
in ultrakalten Quantengasen unter Verwendung analytischer sowie numerischer
Methoden. Dieser Ansatz ermdglicht uns, die Vorteile beider Systeme zu nut-
zen, um die zugrundeliegende Physik besser zu verstehen. Wir betrachten dabei
vor allem geometrische und topologische Eigenschaften von Graphen und der
zugehorigen hexagonalen Gitterstruktur. Zusétzlich beschéftigen wir uns mit
der chiralen Ordnung des suprafluiden Zustandes, der im quadratischen Git-
ter entsteht, wenn Atome ein Bose-Einstein-Kondensat unter Einbindung von
p-Orbitalen bilden.

Im ersten Projekt dieser Arbeit betrachten wir den unkonventionellen Quan-
ten-Hall-Effekt, der in Graphen auftritt, wenn es mit zirkular-polarisiertem
Licht getrieben wird. In Festkorpern ist der Quanten-Hall-Effekt ein Nachweis
fiir die zugrundeliegenden geometrischen und topologischen Eigenschaften. Wir
untersuchen den Quanten-Hall-Effekt unter experimentell-realisierbaren Be-
dingungen, namlich unter Beriicksichtigung von Dissipation und bei niedrigen
Frequenzen des zirkular-polarisierten Lichts. Die Ergebnisse in diesem Regime
unterscheiden sich deutlich von den Berechnungen fiir hohe Frequenzen von T.
Oka und H. Aoki (2009). Unser Formalismus liefert daher einen wichtigen Bei-
trag zum Verstandnis von periodisch-getriebenen dissipativen Festkdrpersyste-
men und hilft bei der Interpretation der Ergebnisse der kiirzlich durchgefiihrten
Experimente von James Mclver et. al. (2019). Unsere Ergebnisse zeigen, dass
die topologisch-robuste Quantisierung des Hall-Effekts durch resonante Anre-
gungen beeintrichtigt wird aber die Leitfahigkeit ein geometrischer Effekt ist.
Insbesondere erhalten wir einen wesentlichen Beitrag zur Leitfdhigkeit indem
wir die Berry-Kriimmung mit den entsprechenden Besetzungen der Floquet-
Béander gewichten.

Der Quanten-Hall-Effekt ist ein Nachweis topologischer Eigenschaften in



Festkorpern. Diese direkt zu messen, ist in Festkorpern hingegen schwierig.
Im zweiten Projekt dieser Arbeit schlagen wir daher — gemeinsam mit dem
Team von Christof Weitenberg — vor, topologische Defekte in einem mit Fer-
mionen gefiillten hexagonalen Gitter zu detektieren. Unser Vorschlag basiert
darauf, dass wir das Gitter zunéchst periodisch modulieren, bevor wir ein Ab-
bild mit der sogenannten Time-of-Flight-Methode erstellen. Aus dem daraus
resultierenden Interferenzmuster ldasst sich die relative Phase der Atome auf
den zwei Untergittern des hexagonalen Gitters bestimmen. Die Mittelpunkte
der zugehorigen Phasenwindung geben die Position der topologischen Defekte
an. Diese Methode wurde von Matthias Tarnowski et. al. (2017) verwendet,
um die Bewegung und Ausloschung von Dirac-Punkten, den topologischen De-
fekten im hexagonalen Gitter, zu beobachten.

Im dritten Projekt dieser Arbeit verwenden wir ultrakalte Bosonen, um eine
andere unkonventionelle Ordnung zu untersuchen: das chirale Bose-Einstein-
Kondensat im zweiten Band des quadratischen optischen Gitters mit zweiato-
miger Basis. Ultrakalte Quantengase in hoheren Béndern von optischen Git-
tern besetzen iiblicherweise Orbitale mit endlichem Drehimpuls. Solche Or-
bitale spielen beispielsweise fiir Hochtemperatur-Supraleitung eine wichtige
Rolle. Hier zeigen wir, dass das chirale Kondensat ein langlebiger metasta-
biler Zustand ist, dessen Zerfall zuriick ins untere Band unterdriickt ist. Der
Vergleich mit Experimenten aus der Gruppe von Prof. Andreas Hemmerich
(2020) bestatigt diese Vorhersage. Die chirale Ordnung des Kondensates fiithrt
zu destruktiver Interferenz der verschiedenen Zerfallskanéle. Dies stabilisiert

das Kondensat gegeniiber Zerfall ins erste Band.



Abstract

In this thesis we study unconventional order in both solid-state and ultracold-
atom systems using analytic and numerical techniques. This hybrid approach
allows to use the advantages of both systems to gain deeper knowledge of
the underlying physical mechanisms. Our main focus lies on geometric and
topological features of graphene and its hexagonal lattice structure. Addition-
ally, we consider the chiral superfluid order that emerges when p-orbitals are
involved in Bose-Einstein condensation.

In the first project we consider an unconventional quantum Hall effect in
solid-state graphene driven with circularly polarized light. In solid-state exper-
iments the Hall conductivity represents an evidence of the underlying geometric
and topological properties. We study the Hall conductivity in the experimen-
tally feasible regime of dissipative low-frequency driving. In this limit the Hall
conductivity behaves fundamentally different from the prediction for the high-
frequency limit by T. Oka and H. Aoki (2009). Our formalism therefore makes
an important contribution to the application of periodic driving to dissipative
solid-state systems and presents an interpretation of the recent experiments
by James Mclver et. al. (2019). Although the topological quantization of the
Hall conductivity is modified by resonant excitations we find that a major con-
tribution to the Hall conductivity is a geometric effect obtained by weighting
the Berry curvature of Floquet bands with the respective occupations.

While the consequences of topology are reflected in the Hall conductivity, it
is difficult to directly measure topological properties in solids. In the second
project of this thesis we therefore propose, in collaboration with the exper-
imental team of Christof Weitenberg, a detection mechanism for topological
defects in a hexagonal lattice filled with ultracold fermions. Our proposal is
based on a periodic lattice modulation prior to a time-of-flight measurement.

This allows to extract the relative phase of the atoms on the two sublattices



of the hexagonal lattice in the resulting interference pattern. The correspond-
ing phase winding reflects the position of topological defects. This detection
mechanism has been used by Matthias Tarnowski et. al. (2017) to measure the
merging transition of the Dirac points in the hexagonal lattice.

In the third project of this thesis we use ultracold bosons to study a different
unconventional order: the chiral condensate in an excited band of the staggered
square lattice. Ultracold atoms in excited bands of optical lattices naturally
occupy orbitals with finite angular momentum. These are interesting to study
since orbital order gives rise to phenomena as important as high-temperature
superconductivity. We show that the chiral condensate represents a metastable
state, which is long lived as its relaxation to the lowest band is suppressed.
We confirm this prediction by comparing our simulations to the experiments
performed in the group of Prof. Andreas Hemmerich (2020). By analyzing the
relevant relaxation mechanisms, we find that the chiral order of the conden-
sate self stabilizes through destructive interference of the involved relaxation

channels.
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1. Introduction

Topological properties in solids

Bloch’s theorem allows the classification of solids in terms of their band structure and
its energy gaps, see e.g. [1, 2|. For a given band structure we can distinguish insulators,
semiconductors and conductors based on their chemical potential and the temperature.
The discovery of anomalous velocities [3—6] and the quantum Hall effect |7] suggested that
this classification is not sufficient. There is an additional geometric property influencing
transport in solids. Instead of the eigenenergies, i.e. the band structure, geometry is an
inherent property of the eigenstates of a system.

We illustrate the idea of the anomalous velocity by considering the motion of a wave
packet in a solid. The group velocity of the wave packet has two contributions

ok

Vgroup(k> = Vkﬁk + ny X E

Here €y are the eigenenergies of the solid, k is the lattice momentum and Fy, is the Berry
curvature. The first term describes the acceleration of the wave packet due to the gradient
of the band structure or more colloquially speaking the wave packet 'rolling downhill’, see
Fig. 1.1(a). The second term closely resembles the action of the Lorentz force on a particle
in a magnetic field. Here, the magnetic field is replaced by the Berry curvature, an intrinsic
geometric property of the eigenstates, see Fig. 1.1(b). The Berry-curvature contribution
to the group velocity is closely related to the geometric phase factor (Berry’s phase [8])
that a particle picks up when transported around a closed circuit in momentum space.
The anomalous contribution to the group velocity that is due to the Berry curvature
has direct implications for the transport properties of solids. The paradigmatic example
is the quantum Hall effect [7]: in certain materials the Hall conductivity oy, shows robust
plateaus as a function of applied chemical potential or magnetic field. These plateaus are
quantized in units of e?/h. This quantization is directly related to the Chern number c,
which is the integral of the Berry curvature over the Brillouin zone. While the Berry cur-
vature is a geometric, i.e. local, property of the eigenstates, the Chern number represents
a topological, i.e. global, quantity and is therefore always an integer, see e.g. |9, 10]. The

quantization of the Hall conductivity is then implied by the relation oy, = ce?/h [11].

11



1. Introduction

(a) (b)

Vgroup(k)
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N
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Figure 1.1 — Sketch of the motion of a wave packet in a solid. There are two
contributions to the group velocity: an accelerating force due to the gradient of the
band structure (a) and the contribution of the Berry curvature (b). For the latter
contribution, the out-of-plane Berry curvature Fy, acts as a magnetic field, giving rise
to an accelerating force perpendicular to the motion of the wave packet.

€k
ky

ky

The discovery of the quantum Hall effect and its topological explanation has inspired
a new field of physics. Among the extraordinary phenomena explored within the field
of topology are the quantum spin Hall effect [12-16], the fractional quantum Hall effect
[17-19] and topological insulators [20-22].

Ultracold atoms

There are only few examples where the underlying geometric and topological quantities,
such as Berry phase and Berry curvature, are observable in solids [23]. In contrast such
properties are readily accessible in ultracold-atom systems |24, 25]. By loading ultracold
atoms into artificial lattices [26, 27| build from several intersecting laser beams, they can
be used as a quantum simulator for phenomena relevant in solid-state systems [28]. Since
the first realization of a Bose-Einstein condensate [29-31], an extensive toolbox has been
developed for preparing and detecting ultracold atoms. There is a series of examples where
the ultracold-atom toolbox has lead to deeper understanding of mechanisms underlying
solid-state phenomena: the high amount of control in ultracold-atom systems often allows
to continuously tune between different limiting cases, as in the superfluid to Mott-insulator
transition [32] or for the comparison of Klein tunneling to regular tunneling [33]. The
access to microscopic quantities has lead to the observation of real-space Bloch oscillations

[34] and the visualization of topological properties such as the direct observation of edge

12
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Figure 1.2 — Pseudo-spin winding of the hexagonal lattice. At each point in mo-
mentum space we visualize the eigenstate on the Bloch sphere. We show the case of
graphene, where the eigenstates are always on the equator of the Bloch sphere and
hence there is no out-of-plane component. The Dirac points are positioned at the
six edges of the Brillouin zone, which is marked by a red hexagon. The insets show
a zoom to the two nonequivalent Dirac points. By following the arrows around a
closed loop around the Dirac points we see that the pseudo-spin winds clockwise and
anti-clockwise at the two Dirac points, respectively.

states [35-37|. Ultracold atoms do not only allow an alternative view on solid-state
phenomena but also give access to topological phases that have not yet been discovered
in solids, by using artificial gauge fields and synthetic dimensions [38, 39]. In fact, many

archetypal topological models can be implemented and studied with ultracold atoms [40].

Graphene

We are particularly interested in the topological properties of the hexagonal lattice. The
prime example of a solid featuring the hexagonal lattice structure is graphene, a sin-
gle sheet of carbon [41]. Since its experimental extraction [42]|, graphene has attracted
widespread attention due to its exceptional properties [43]. These range from remarkable
thermal and electric conductivity via Klein tunneling to unconventional quantum Hall
effects [44-48|. Further versatile properties emerge, when using graphene as the building
block of graphene stacks, nanoribbons and composite materials [41]. Since carbon is ubig-
uitous in nature, graphene is not only multifaceted in its applications but also abundantly
available. In fact, the technology is ready for mass-scale production and consumer-based
applications [49].

On the microscopic level the hexagonal lattice structure has two lattice sites per unit
cell such that the lowest two bands are well separated from the remaining bands. In
graphene, i.e. without a potential imbalance between the lattice sites, these two bands
have crossings with linear dispersion relation at the Dirac points. The eigenstates of the

hexagonal lattice can be visualized on the Bloch sphere at each point in momentum space,
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1. Introduction

see Fig. 1.2. In graphene the resulting pseudo-spin texture has opposite winding at the
two Dirac points giving rise to a Berry phase of —7 and 7, respectively. This pseudo-
spin winding of the eigenstates is responsible for the exceptional transport properties of

graphene [50].

Floquet theory

The interaction of light and matter is widely used not only to probe but also to induce
materials properties. Probing the steady state subject to periodic driving acts as a pow-
erful tool for the design of new materials. This complements the established approach to
solid-state physics, where only the equilibrium properties of a given material are probed.
An outstanding example for light-induced unconventional properties is the enhancement
of superconductivity in cuprate materials by applying terahertz pulses [51-55].

The steady state of periodically driven systems can often be described by an effective
static system. This idea is the foundation of Floquet theory [56-58| and yields a powerful
instrument to design specific properties in solids, for reviews see e.g. Refs. [59, 60|, for
further examples see also Refs. [61-63]. In the same way as a periodic lattice potential
leads to the repetition of the band structure in momentum space, periodic driving leads
to the repetition of the band structure in energy space. For the latter case the replica
of the bands are also referred to as Floquet quasi-energies or bands. This has intriguing
consequences for the topological properties of driven systems. For an undriven system
there is usually a correspondence between the edge states, which appear in the band gaps
of the spectrum, and the Chern number of the neighboring bands [64]. For driven systems
edge states may wind around the periodic boundary of the energy spectrum, hence giving
rise to nontrivial edge states even in the absence of a finite Chern number [65-67].

Floquet theory has been applied successfully to ultracold-atom systems [68], extending
the ultracold-atom toolbox by an additional tuning knob. This has lead to the observation
of the driven superfluid to Mott-insulator transition [69, 70|, artificial magnetic fields

[71, 72| and topological charge pumps [73-75].

Light-driven graphene

While the static properties of graphene are truly remarkable, it unfolds even more ex-
traordinary features when driven periodically. It has been proposed in Refs. [76-80] that
illuminating graphene with circularly polarized light opens a topologically nontrivial band
gap at the Dirac point. When the driving frequency is assumed to be large compared to

the bandwidth of graphene, it resembles the famous Haldane model [81] with a Chern

14
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Figure 1.3 — (a) Dirac cone of the resonantly driven graphene band structure. Band
gaps open at the Dirac point and at rings in momentum space where multiples of the
driving frequency wq, equal the band gap. (b) Reciprocal hexagonal lattice indicating
the symmetry point I" and the Dirac points K and K’. (c) and (d) Floquet spectrum
of driven graphene colored by Berry curvature Fy, for a cut through the Brillouin
zone shown by the dashed red line in (b). For panel (c¢) we use an off-resonant
driving frequency wg, = 27 - 5PHz = 20.7e¢V and for panel (d) a resonant wq, =
27 - 400 THz = 1.7eV. The inset in panel (c) shows a zoom to the Dirac point. For
off-resonant driving it is a good assumption that only the undressed Floquet bands
centered around €, (k) = 0 are occupied and hence there is a well defined lowest energy
state. Such a notion can not be extended to the resonant case. For panels (c¢) and (d)
we use an electric field strength Eg, = 26 MV m™1.

number of the lowest band equal to'! ¢ = —2. Under the additional assumption that
only the lowest band is filled, graphene is driven into a topologically insulating state
with quantized Hall conductivity oy, = —2e?/h. This idealized limit is indeed achiev-
able in ultracold-atom systems by making use of artificial gauge fields [82-85]. In solids,
this regime is significantly more challenging. The band gap at the Dirac point scales as
o E? /w3 . Hence for a driving frequency wq, that is larger than the bandwidth the field
strength Fg4, needs to be increased to experimentally unrealistic values in order to obtain
a sizable band gap. A sizable band gap is therefore only possible for low-frequency driv-

ing in the regime of terahertz. This regime was realized in recent experiments by James

"We already account for spin and valley degeneracy.
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1. Introduction

Mclver et. al. [86], which are the motivation for the first project of this thesis.

When illuminating graphene with terahertz radiation, additional resonant band gaps
open at rings in momentum space where multiples of the driving frequency equal the
energy difference of the two graphene bands [87-90], see Fig. 1.3(a). Each of these resonant
band gaps contributes to the Berry curvature [91-93]. Summing all contributions gives
the Chern number of a given band, which can crucially depend on driving field strength
and frequency [80]. For a driving frequency of 50 THz we estimate that there are about
80 resonant band gaps and the Chern number can take values on the order of 10%-103.
These Chern numbers have, however, only minor significance for the Hall conductivity in
solids. The Hall conductivity would only be given by the Chern number if a single Floquet
band were occupied. We can easily see that this is usually not the case when a system
is driven in the resonant regime. At each resonance, avoided crossings occur |94, and
hence the undriven band structure is nontrivially connected to the driven band structure.
This, together with the periodicity in energy makes it impossible to define an ordering of
Floquet quasi-energies, see Fig. 1.3(b,c,d). Hence there is no notion of a lowest Floquet
band, which at low temperature might be the one that is occupied. Instead the relative
occupations of different Floquet bands are determined by a competition between driving

and dissipation [95].

Periodic driving and dissipation

Although there are first attempts to reformulate Floquet theory when including dissipation
[96], the interplay of periodic driving and dissipation is far from being well understood.
The fundamental question of periodically driven dissipative systems is whether the steady
state can be rewritten in Gibbs form as a Boltzmann distribution of appropriately defined
quasi-energies. This would allow a similar mapping as Floquet theory achieved for non-
dissipative systems and allow the application of statistical mechanics to the driven state.
So far the question, whether a Gibbs state exists, could only be answered for rather
simple analytically solvable systems [97-104] and in certain limiting cases such as high-
frequency driving [105-107|. The fundamental problem for low-frequency driving is the
above-mentioned periodicity of the eigenenergy spectrum, which makes it impossible to
define an ordering of Floquet quasi-energies [108| and hence obtain an intuition for the
action of dissipation. At the same time, dissipation may actually be important for periodic
driving in solids since it can counteract heating due to resonant excitations [109]. It has
even been proposed that certain engineered dissipation mechanisms may enhance [110] or
induce [111] topological properties.

The importance and complexity of dissipation is likely the reason why the Floquet topo-

16



logical insulator, although proposed almost ten years ago [91], has not yet been observed in
solids. While Floquet bands have been observed in solids [112] their relative occupations
are determined by a complicated interplay of driving and dissipation. The only experi-
mental observation of a Floquet topological insulator has instead been in non-dissipative

helical waveguides [113, 114], hence founding the field of topological photonics [115].

Dissipative light-driven graphene

The aim of the first project of this thesis, presented in chapter 2, is to give further insight
on the interplay between dissipation and periodic driving by considering the example of
dissipative light-driven graphene. We develop a master equation formalism that includes a
periodic driving force, a longitudinal bias field and dissipation. Our formalism shows good
agreement with experimental results from Ref. [86]. We find that the electron distribution
in driven graphene perfectly resembles the Floquet band structure. We compute the Hall
conductivity and find that a major contribution is a geometric effect. In fact, we find
that the Hall conductivity is approximately given by the sum of Berry curvature and
band velocity of Floquet bands weighted with their respective occupations. Although
the electron distribution in graphene is a highly nontrivial steady state that depends
on the details of driving and dissipation, the resulting derived quantities such as the
Hall conductivity can still be evaluated in analogy to an effective undriven system. Our
formalism allows to investigate the crossover from strong to weak dissipation. In the
latter case we recover the effective high-frequency limit and the Dirac-point contribution
to the Hall conductivity is —2e?/h. Notably we do not recover this result for finite
dissipation when increasing the driving frequency by orders of magnitude. This stresses
the importance of dissipation for modeling solid-state systems.

The transition to the weakly dissipative regime allows the application of our formal-
ism to ultracold-atom systems. Hence the theoretical framework presented in this thesis
is bridging the gap between quantum simulators and solid-state physics. We are aim-
ing to learn from both fields of physics in order to understand the underlying physical

phenomena.

Detecting topological properties

As we have noted above, ultracold atoms have the advantage that topological properties
are more accessible than in solids. In fact, it is usually easier to get access to the eigenstates
in ultracold atoms. Therefore it is not only possible to measure the band gap at topological
defects [82, 116], but also the eigenstates and topological properties themselves. A number

of different methods have been proposed for the detection of topological properties in
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1. Introduction

ultracold atoms, each of them having its own advantages and difficulties: accelerating
wave packets through the lattice is at the heart of Berry’s gedanken experiment but
makes it cumbersome to cover the full Brillouin zone [84, 85, 117-119]. Projecting onto a
flat band structure [120-122] is a more efficient technique, but only works for periodically
driven systems. The detection of edge and bulk currents using time-of-flight images is still
awaiting an experimental implementation [123]. Within the second project of this thesis,
presented in chapter 3, we therefore propose an efficient method that allows to determine
the properties of the eigenstates in the full Brillouin zone within a single experimental
sequence [N1]. Our method is based on the interference of the atoms from different
sublattices in a hexagonal lattice. An additional periodic lattice modulation allows to

extract the information on the relative phase of the eigenstates.

Ultracold atoms, excited states and metastability

Ultracold atoms give access to a wide range of parameter regimes with rich tunability
between different ground states. They are, however, usually limited to the lowest band
of a lattice and hence bosons — as a result of the no-node theorem — can only occupy
s-orbitals [124]|. Higher orbital order, such as p- or d-orbital order, has been identified as
one of the main ingredients for metal-insulator transitions, high-temperature supercon-
ductivity and colossal magnetoresistance [125-130]. Additionally the band crossings of
excited bands may lead to nontrivial topological order [133, 138-140|. These potential
applications have triggered the idea of loading ultracold atoms into excited bands of an
optical lattice [124, 141-145|. The first experimental realization of ultracold atoms in
excited bands has been achieved by stimulated Raman transitions [146|. Slightly later
a different approach was successful that makes use of a tunable staggered square lattice
[131-137]. The atoms are loaded at large imbalance between the two sublattices and then
transferred to excited bands by suddenly interchanging the depth of the sublattices. This
preparation scheme enables a well controlled transfer of atoms and hence allows addressing
bands up to the 11th band. Condensation in excited bands reflects the nontrivial orbital
order. In the second band of the staggered square lattice this leads to condensation with
chiral order parameter [131, 134].

In the third project of this thesis, presented in chapter 4, we study the excitation of
ultracold bosons into excited bands and the subsequent decay dynamics within classical
field theory. Most notably we find that the chiral condensate self-stabilizes against decay
to the first band and hence represents a metastable state. Metastability is a phenomenon
ubiquitous in nature. Commonly metastability arises in a classical context when a system

is trapped in a local minimum and a free-energy barrier inhibits relaxation to the true
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ground state [147-149]. While a similar mechanism can also occur in quantum-mechanical
systems, for example in quantum-tunneling scenarios [150-152|, the quantum-mechanical
origin for metastability can be more diverse. In a classical system the only relevant
energy scales are the height of the free-energy barrier and the temperature of the system.
For a quantum mechanical system Bose-Einstein condensation can lead to metastability
for temperatures that are significantly larger than the free-energy barrier [153], since for
such a case only the small thermal fraction of atoms can decay. Quantum mechanically
metastability can even occur as an inherent property of the state in question [154-156] or
due to a mechanism of constructive interference [157].

Here we propose a mechanism for metastability where destructive interference of the
dissipation channels leads to inhibition of relaxation [N3]. We confirm this mechanism
both theoretically as well as experimentally, in collaboration with the group of Prof. An-
dreas Hemmerich. We identify the two main decay mechanisms and find that the chiral
order of the condensate leads to destructive interference for both of them individually.
The condensate is a dark state with respect to decay and hence a perfect condensate at
T = 0 has infinite lifetime. At any finite temperature there is a fraction of thermal atoms.
These are not protected from decay and eventually lead to heating and the destruction of
the condensate. We therefore identify three different relaxation stages: coherence buildup,

inhibited relaxation and loss of coherence, fast relaxation to the thermal ground state.
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2. Floquet physics in real solids:
light-induced Hall effect in
graphenel

Periodic driving has been applied widely as a tool to induce unconventional properties
in ultracold-atom and solid-state systems [59, 68]. The response of a system subject to
periodic driving can be split into one part that is periodic with the driving force and an
additional effective slow or stroboscopic motion. Floquet theory is based on the idea that
it is often sufficient to consider this effective slow motion in order to describe the main
properties of the system. Within Floquet theory the slow motion can be captured by an
effective static system. The properties of this effective static system can be profoundly
different from those of the original undriven system.

One such example where periodic driving leads to unconventional new properties is
graphene. Without driving graphene features a linear dispersion relation at the Dirac
point, see Fig. 2.1(a). Driving graphene with high-frequency circularly polarized light
induces a phase transition to a topologically nontrivial state. The effective static system
corresponding to this driven state resembles the famous Haldane model [81] and hence
is characterized by integer Chern number and a quantized Hall conductivity. This has
been proposed in Refs. [76-80] under the assumption that a driving frequency wy;, is used,
which is large compared to the electronic state energies. This limit is only realized for
frequencies above the bandwidth of graphene. In order to observe the quantized Hall
conductivity one has to additionally assume that the driven system is approximately in
a band insulating state of the effective Hamiltonian. Such a regime of low dissipation
and a driving frequency larger than the bandwidth is indeed accessible in ultracold-atom
experiments [82-85].

In contrast, the proposed nonequilibrium topological state is in a much more challeng-
ing regime in solid-state systems. The effective energy gap in the high-frequency limit
is Ay o< E3 /w3, |76]. The technological development of on-chip femtosecond-resolved

transport measurements reported in Ref. [86] allows for a measurable gap when driven in

'Parts of this chapter have been published in Ref. [N2].
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2. Floquet physics in real solids: light-induced Hall effect in graphene
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Figure 2.1 — Dirac cone of the undriven (a) and driven (b) graphene band structure
(top) and the corresponding real-space lattice (bottom). For graphene driven with cir-
cularly polarized light gaps open at each resonance and at the Dirac point. Applying
a longitudinal field £y, induces a transverse Hall current j.,. In our numerical simu-
lation we include dissipative processes through phenomenological parameters. These
correspond to decay from the upper to the lower band with time scale T3, dephasing
on a time scale Ty and the exchange of particles with the back gate on a time scale
T,. This figure has been published in Ref. [N2].

the regime of tens of terahertz. The required frequency regime is, however, several orders
of magnitude higher, ideally above the graphene bandwidth, which is on the order of tens
of petahertz. In order to obtain a sizable gap the driving field strength FEg4, needs to
be simultaneously increased by orders of magnitude, leading to unrealistic experimental
requirements.

In this chapter we therefore develop a protocol for the application of Floquet theory
to the realistic solid-state regime. As an example we consider graphene driven in the
low-frequency dissipative regime. In this regime a series of resonant band gaps opens, see
Fig. 2.1(b). Each resonance contributes Berry curvature hence leading to an extensive set
of different possible Chern numbers of the effective bands [80]. While in the experimentally
realistic regime several hundred resonant band gaps open, we find that only few of them
are actually relevant for the dynamics of driven graphene. Band gaps that are higher order
in the driving field have only small magnitude and are therefore suppressed by dissipation
and finite temperature. Dissipation also has a crucial influence on the driven steady state

in graphene. We find that Floquet theory nevertheless provides a very good prediction for
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the effective steady-state band structure and only the occupations of the respective bands
crucially depend on damping and dephasing. Predominantly those bands are occupied
that are adiabatically connected to the undriven band structure. In contrast, the reaction
of the system to a chemical-potential bias is profoundly different from that of a static
system. When increasing the chemical potential the first momentum modes that obtain
double occupancy are not the ones at the Dirac point, but instead those on a ring around
the Dirac point. The size of the ring is given by the zero-detuning Rabi frequency and
hence is determined by the field strength and the frequency of the driving field.

When applying a longitudinal electric field Fy, to driven graphene, a transverse Hall
current is induced. Floquet theory provides an interpretation of this Hall current as a
geometric effect. In fact, the total Hall conductivity oy, is to good approximation given
by the sum of the Floquet Berry curvature F, and the Floquet band velocity v weighted
with the occupations n, (k) of the corresponding Floquet bands, labeled by o = +1

ny%% S (F5 ) + 07 (K)/Br) no(K) (2.1)

kel.BZ
o==+1

Here A is the lattice size and the sum runs over all momenta k in the first Brillouin zone.
Like the occupations n,(k), the resulting Hall conductivity depends on dissipation.

For the investigation of the Hall conductivity in driven graphene we develop a numeri-
cal simulation platform that is based on a full quantum-mechanical description combined
with phenomenological damping and dephasing mechanisms, see Fig. 2.1(a). We find
good quantitative agreement with experimental data from Ref. [86]. Within our model
we can isolate the contributions of individual resonances and the Dirac point. For the
first resonance mapping graphene onto the Rabi problem gives intuitive insights into the
origin of the Hall conductivity as a geometric effect. We also investigate how the sys-
tem approaches the effective high-frequency limit when increasing the driving frequency.
In this limit the resulting conductivity is expected to approach the value of —2e?/h.
We find that this is indeed the case when reducing the dissipation strength and when
considering the transient response before the steady state is reached. When increasing
the driving frequency at fixed dissipation strength we find that the system approaches a

high-temperature state with vanishing Hall conductivity instead.
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2. Floquet physics in real solids: light-induced Hall effect in graphene

2.1. Master equation for dissipative light-driven

graphene

In this section we develop the formalism for computing the time evolution of electrons
in light-driven graphene. We first consider the noninteracting system and couple the
electromagnetic field via minimal coupling. Within a semi-classical picture a Hamiltonian
with dispersion relation €(k) is coupled to the scalar potential ¢ and vector potential A

H(r, k) = e(k = k — qA(r,t)/h) + qo(r,t) (2.2)

where r is the position, ik the momentum and ¢ = —|e| the charge of the electrons. For
our case the Weyl gauge ¢ = 0, among other assumptions, will ensure that the Hamiltonian
remains block diagonal in momentum space. A product ansatz for the density matrix is

therefore appropriate

P = Rk Px

We discretize momentum space and solve the full quantum-mechanical time evolution at
each momentum point k by solving the master equation for the density matrix. In this
process we explicitly allow for empty and doubly-occupied states of the density matrix.
Hence, each density matrix pyx has four states given by the four ways of occupying the two
single-particle states at the corresponding momentum. The master equation contains the
unitary contributions from the equilibrium Hamiltonian and the light-matter interaction.
The latter contains both the circularly polarized driving term, as well as a longitudinal DC
probing field. In addition to these unitary contributions, interaction effects are treated
by including a dissipative environment. This environment is modeled within a Lindblad
formalism by introducing a decay rate v; = 1/T} from the upper to the lower state, a
dephasing rate v, = 1/T5, and a single-particle exchange rate 7, = 1/7, with a fermionic
bath of temperature 7" and chemical potential .

We compute observables such as the longitudinal and transverse current by summing

their expectation values over all individual momentum modes.

2.1.1. Unperturbed graphene Hamiltonian and its diagonalization

We consider a tight-binding model? including only nearest-neighbor tunneling for graphene.

The graphene lattice has two nonequivalent lattice sites per unit cell, see Fig. 2.2(a). The

2More information on tight-binding models will be given in chapter 4.
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2.1. Master equation for dissipative light-driven graphene

Figure 2.2 — (a) Sketch of the hexagonal lattice with unit vectors e, and e,. Solid
black lines show the hexagonal lattice of Wigner-Seitz unit cells. The dashed blue
parallelograms show an equivalent lattice spanned by e, and e,. Both lattices contain
two sites, A and B, per unit cell. (b) Reciprocal lattice of the hexagonal lattice. Solid
black hexagons show the first Brillouin zones at each lattice point and dashed red
lines show the lattice spanned by the two reciprocal lattice vectors k; and ks. (c)
Same as (b) but with the unit vectors for the linearized dispersion relation. Panels
(a) and (b) have been published in [N§].

lattice constant in graphene is a ~ 1.42 A and gives the distance between two sublattice
sites. The lattice vectors e,y shown in Fig. 2.2(a) connect next-nearest neighbor sites
and therefore have length d = V3a ~ 2.46A. As a result of the two sublattice sites
the momentum-space Hamiltonian is a 2 x2 matrix for each momentum k, for details see

e.g. [N8|. It is given by

0 e
Hoy = ( k) Ui
€k 0

where €, = —J (1 + etkad ei(kﬁky)d)

€k = |€k|€i¢k )

k = k;ky + k ko, the basis vectors k; and k, are shown in Fig. 2.2(b) and

Ck, A
Vi =
Ck,B

The operators CLC (ck,c) create (annihilate) an electron on sublattice site C' € {A, B}.

This Hamiltonian is diagonalized by the unitary transformation

U =1/V2 (6](;5 _; ¢k> (2.3)
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2. Floquet physics in real solids: light-induced Hall effect in graphene

and the resulting diagonal Hamiltonian is

0
UliHO,kUk: ad
0 —lexl

Linearized graphene Hamiltonian

For the electronic properties of graphene it is usually sufficient to consider the electronic
states close to the Fermi level. For undoped graphene the Fermi level is directly at the
Dirac point. It is therefore a good approximation to linearize the dispersion relation

around each of the two nonequivalent Dirac points K, K’ = (—ng—;, —ng—g), 7, = +1. We

obtain
€k ~ hop (7',31@/D + Zk;) ,
where
K = \/73 (—72:23—2 + ky)
k'; = Tzﬂ- — k, — %
and hwp = —Jd. The Fermi velocity in graphene is vy ~ 105ms™! [41] resulting in the

effective hopping strength J ~ —2.78eV. We can define a new set of unit vectors such
that k = KO + k K/ + k, k5. This set of vectors is shown in Fig. 2.2(c) and turns out to
be orthonormal in contrast to the original unit vectors.

The linearized Hamiltonian is now

Hyx = %thktbk , (2.4)

where hy = hvp (Tzaﬂck; + Uyk;)
Tk + ikl = (k2 + k2 €% = ke

and o,, . denote the Pauli matrices. When replacing ¢x with ¢} in Eq. 2.3, the above
Hamiltonian is diagonalized by the unitary transformation given in Eq. 2.3 and the re-

sulting diagonal Hamiltonian is
U]IHO,kUk - :]:hUF/{Z

Since we work with the linearized Hamiltonian throughout this section we drop the primes

on the momenta from now on. For later convenience we note that the bandwidth of the
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2.1. Master equation for dissipative light-driven graphene

full tight-binding bands in graphene is 6|J| ~ 16 eV =~ 24.4 h - PHz.

2.1.2. Electromagnetic waves and gauge choice

Before we couple the graphene Hamiltonian to the electromagnetic light fields we give a
brief introduction on electromagnetic waves. We present the wave forms that we will need
for driving graphene with circularly polarized light and discuss different gauge choices. It
turns out that it is crucial for our calculations to use the Weyl gauge.

In order to illustrate the importance of the Weyl gauge we first consider the simplest
case of a uniform electric field Eypiform(r,t) = Fé, and vanishing magnetic field B = 0.

Within the Weyl gauge we obtain the vector potential®
Auniform(ra t) = Etéx

An intuitive picture for this gauge choice inspired by Eq. 2.2 is a time-dependent shift of
the band structure. An alternative gauge choice would be a special case of the Coulomb
gauge, choosing A = 0. In this case we obtain ¢ = Ex and an intuitive picture is given by
a tilt of the lattice potential. This tilt leads to a nonperiodic lattice potential and hence
the resulting Hamiltonian is not diagonal in momentum space. We see that even for this
simplest case of a uniform electric field it is crucial to apply the Weyl gauge in order to
obtain a Hamiltonian diagonal in momentum space.

We turn to a slightly more complicated case of a linearly polarized electromagnetic

wave
Ejinear (1, 1) = Eé, cos(kr — wt) |

where the wave vector k and the frequency w are related by the speed of light ck = w and
for definiteness we have chosen the electric field along the z-direction. We are particularly
interested in illuminating a 2-d graphene sheet under perpendicular incidence. Without
loss of generality we can assume the graphene sheet to lie in the z-y-plane at z = 0 and

the light to be propagating in the z-direction k = ke,. For this case we can simplify
Ejinear(2,t) = Fé, cos(kz — wt)
Again we use the Weyl gauge to obtain

E
Alinear(2,t) = —é, sin(kz — wt)
w

3Remember that E = V¢ — % and B=V x A.
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2. Floquet physics in real solids: light-induced Hall effect in graphene

1 Ek
Blinear(zyt) — ;k X Elinear - 7éy COS(kZ — wt)

For later convenience we also give the corresponding equations for a circularly polarized

electromagnetic wave

Ecircular (2, 1) = E'[€y sin(kz — wt) — €,0p01 cos(kz — wt)]

E
Aircutar (2, 1) = —— [€,0p0 sin(kz — wt) + €, cos(kz — wt)] (2.5)
w

where o, defines the polarization of the light. For a pulsed electromagnetic wave with

Gaussian envelope

(kz — wt)2>

EcirC,gauS(«Z; t) = Ecircular(z’ t) eXP (_ (20')2

the vector potential can only be evaluated in terms of the error function Erf(x)

Acirc,gaus<zv t) = -

E\/7_r0602< Re [Exf (22 4 io)] )

w Opollm [Erf ('”2;0“” + 2'0)}

For our numerical simulations we evaluate the error function using numerical libraries
for the Dawson function. Finally, for a tanh-type envelope we assume that the envelope

varies slower than the driving frequency and hence

tanh (“(t_t°)> +1

[

Ecir,tanh(Z> t) = Ecircular(za t)

\)

tanh <w(t_t°)> +1

g

ACir,tanh(Z7 t) ~ Acircular(z7 t) 9

2.1.3. Coupling graphene to electromagnetic waves

We couple the light field to the linearized graphene Hamiltonian from Eq. 2.4

Hy = ¢ Hoxtn.

Within minimal coupling and using the Weyl gauge the interaction Hamiltonian is

Hint = Z]q ’ Aq
q

. € dhy
Ja = n thqmﬁwk—qﬂ )
k
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2.1. Master equation for dissipative light-driven graphene

where we made the assumption of q being small. At this point we see the importance of
a vector potential A(r) that is spatially uniform within the z-y-plane. For this case the
Fourier transform is peaked around small momenta and we can assume Ay = Adx. Only

for this case the interaction Hamiltonian becomes diagonal in momentum space
Hint = Z ¢L€UF (TzUxAz + JyAy) 1/}k
k

For completeness we give the current operator in the q — 0 limit

. . . TZO-.T
J= Z¢L}k¢k Jk = €evp ( )
Kk Oy
and the full Hamiltonian

H = Hy+ Hip, = Zlekwk
Kk

Hy = vy [1,0, (hk, + €A,) + 0y (hk, + eAy)] . (2.6)

2.1.4. Including dissipation and formulating the master equation®*

Here we characterize the dissipation of our system and formulate the actual master equa-
tion for the time evolution of electrons in driven graphene. We use the von Neumann
equation for the unitary part of the time evolution and include interactions as well as
other damping and dephasing effects by including Lindblad operators. At each momen-
tum point k the full time evolution of the density matrix is then governed by the master
equation [158|

d o 1 atra ot ra o of

<= ﬁ[pkaHk] —§Z(L Lpx + pL*TL* — 2L py L)

[0}

The first part of this equation describes the unitary part of the time evolution, fully de-
termined by the Hamiltonian of the system. The second part with the Lindblad operators
L* accounts for dissipation effects.

Each momentum mode is modeled by a two-level system, remember Fig. 2.1(a). So far
we have only considered the two singly-occupied modes ¢, = (|01) |10)). The dissipation
additionally couples to the empty and fully occupied mode. We explicitly extend our state

4Large parts of this section have been published in the appendix of Ref. [N2]. The corresponding
section in Ref. [N2| has mainly been written by the author of this thesis.
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2. Floquet physics in real solids: light-induced Hall effect in graphene

space to these two modes and obtain
w = (1) Jo1) [10) [00))

where [11) = ¢f_,cl 5|0).
Here we repeat the definitions of the previous sections, extending them to the larger

4x4 state space. To this end we introduce a set of Pauli-type matrices

0000 00 0 0
0010 00 —i 0
Oy = Uy: .
0100 0 i 0 0
0000 00 0 0
0 0 0 000 O
o1 0 0 o _ [0 00 0
O, = o, =
00 —10 001 0
00 0 0 000 —1
1 0 00 0 0 0 0
o _ [0 -1 00 o = 0 1/2 0 0
- 0 0 00 0 0 1/2 0
0 0 00 0 0 0 0

For the linearized dispersion relation the Hamiltonian for each momentum point further

splits into a sum of three terms
Hk(t) == H07k ‘|‘ Hdnk(t) —|— HL,k(t) . (27)

The first contribution is the equilibrium Hamiltonian without any light field applied.

Explicitly including the chemical potential we obtain
Hyx = \IIL [hvp (Tokyoy + kyoy) — 1 (1 + o, + Jgo) + 09))} L

The second and third term in Eq. 2.7 arise from the coupling to the light field. We
include two different light fields, one representing the circularly polarized driving pulse
and the other representing a longitudinal bias field. We split the vector potential into the

parts for these two field contributions

A(t) = Aa(t) + Ar()
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2.1. Master equation for dissipative light-driven graphene

For the linearized system we can then accordingly split the interaction part of the Hamil-

tonian into these two parts
Hingx = Harx + Hy, x

For the driving pulse we use a circularly polarized pulse with either Gaussian Ay, (t) =
A ire gaus(t) or tanh-type Ay, () = Acire tann(t) envelope. For the longitudinal bias field we
use Ap(t) = Sswiteh (t) Auniform (t), where sgyiten denotes a slow switch-on term during the
first 100 fs.

In addition to the unitary time evolution governed by the Hamiltonian Hy(t) we include

Lindblad operators defined in the basis that diagonalizes the instantaneous Hamiltonian
Hy(t)

Uy = Uk®x

where

1 0 0 0
0 1/vV2 1/vV2 0
0 e /2 —e/\/2 0
0 0 0 1

Ui = (2.8)

and ¢y is defined via

e

ket e/RA| e = (7.(ks + T A) +ilky + T 4,))

h

In this basis we introduce

0 Oa1 Oas O
San 0 Ous Our
Sad Oag O Gug

0 Oas Oag0 O

Lo = /ea

fora=1,2,...,10

11
L =\/v.0. ,

with for now arbitrary constants c,. Here ¢; and cg correspond to decay effects and -,
corresponds to dephasing effects in the singly occupied sector. Additionally we explicitly
allow for exchange of particles with the back gate. The time scale and dynamics for the
exchange of particles are set by the dissipation constants ¢; — ¢4 and ¢; — ¢19. We do not

allow for simultaneous loss or gain of two particles which would correspond to entries in
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2. Floquet physics in real solids: light-induced Hall effect in graphene

the top right and bottom left of the matrix.

We note that the transformation in Eq. 2.8 is ill-defined when |k + e/hA| = 0. In this
case Hy = 0 and the instantaneous Hamiltonian is diagonal with respect to any basis.
We choose to implement the same Lindblad operators as above in the original AB-basis
for this case.

We find that the resulting equations of motion for the density matrix decouple into
different sectors and write the density matrix in the sector that is relevant for computing

the current as

Pk = 0y + Pka0z + Pk,y0y + Px,202

+ picool” + preaot?

The resulting equations of motion are

hOipx s = OkteAPk,z — €kreAPiy — I+ (1 + 3 + cs + c10) /2] pes

hOipiy = €xreaprs — L+ (c1+ ¢34 s+ cio) /2] py

hOipx,» = Okreapra + €3 (1/2+ pro — Prz) — Capia + ¢ (1/2 + pro — px.z)
— 6 (1/2+ pz — pr2) — crpio — ¢ (1/2 + pz — pi2)

hOipxo = —(c7 + co)pro — c10 (1/2 + pro — p.z) — ¢s (1/2 + pz — pi2)

hipra = —(ca + ca)pz + 3 (1/2 4+ pro — piz) +c1 (/2 + piz — pr2)

where

€k+eA = QTZUF [h’k| + ek - A/|k|]
Okiea = 27,0r [eA x k/[k]]

We note that while we give the equations of motion in the basis diagonalizing Hjy here,
we implement them in the original AB-basis in the numerical simulations.

We choose the damping constants Boltzmann distributed

[ =1/T

cs = cg exp(—20e) cs+cg=1/T1
c1 = caexp(—Lf(—e — pn)) ¢+ c=1/T,
c3 = cqexp(—F(e — p)) cs+cq=1/T,
cr = cgexp(—F(e — p)) cr+cs=1/T,
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2.2. Floquet bands and their occupations in driven graphene

and ¢g = cjgexp(—S(—e — p)) co+c10=1/T,

where € = UF\/ (hky + eA)” + (Bk, + eA,)? are the instantancous eigenenergies. This
ensures that the ground state of the system without the light field is Fermi distributed
with chemical potential p and inverse temperature 8 = 1/(kgT’). Note that 77 and T
are commonly introduced decoherence measures. In analogy we define a third time scale
T, for the exchange of particles with the back gate.

We solve the master equation numerically and then compute the current for each mo-

mentum point as

(i) = Tr (priac)

The longitudinal and transverse conductivities are then obtained as

oxx(k) = Elirgo Jox/EL
Oxy(K) = lim ],/ Ep
We perform the calculation of j, at experimentally realistic values of £, and have checked

that these values realize the linear-response limit. Finally, we define the conductivity

density

Ozy (k)
A )

Oxy =
with the lattice size A and the full conductivity

Oxy = E Oxy
k

2.2. Floquet bands and their occupations in driven

graphene

Before we study the transport properties of driven graphene we take a look at its proper-
ties without applying the longitudinal bias field. When driving graphene with circularly
polarized light it is well established that a gap opens in the effective band structure at the
Dirac point in the high-frequency limit® [76, 77]. In this regime the effective Hamiltonian

5The assumption is that the eigenenergies of the system can be neglected compared to the driving
frequency.
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Figure 2.3 — Floquet band structure as a function of momentum times hvp (Note

that Avpk = 400 meV corresponds to k& ~ 0.06 A_l). Grey lines show Floquet replica
of the undriven band structure. Blue lines show the numerically computed Floquet
band structure for Fy, = 20MVm™"! and wg, = 27 - 48 THz. We show only those
bands that are adiabatically connected to the undriven band structure. We explain
the numerical algorithm used for this plot in Sec. 2.2.1.

becomes
Hegy = Hox — T0po Dnrtbfoathe (2.10)

where 2A = 2 (heEder)2 /(hwqy)? is the size of the gap at the Dirac point. At finite
driving frequency additional gaps open at each resonance, where 2vpk = wq,. Within
Floquet theory this can be understood as follows: the electronic band structure acquires
new states that result from dressing one of the original states with a photon. These new
states are called Floquet replica and have the same dispersion as the original bands but
are shifted by a multiple of the photon energy hwy,, see Fig. 2.3. Depending on the exact
form of the driving term, the light field couples different Floquet replica. This coupling
leads to a hybridization of the eigenstates at each band crossing and as a result avoided
crossings and the opening of band gaps.

The effective Hamiltonian above is obtained from the Magnus expansion [159-163| by
taking the high-frequency limit. Here we show that a slightly better result can be obtained
without the high-frequency approximation within the Magnus expansion. Additionally we
use the Magnus expansion for obtaining a similar result valid close to the first resonance.
We compare these results to our numerical prediction obtained by truncating the quasi-

energy operator in the extended Floquet-Hilbert space.
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2.2. Floquet bands and their occupations in driven graphene
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Figure 2.4 - Momentum-resolved Berry curvature at wq, = 27 - 48 THz and Fy, =
10MV m™! in panel (a) and E4, = 26 MV m™! in panel (b). We see that the Berry
curvature is localized around each resonance at Eg, = 10 MV m~!. For larger electric
field strength the contribution of each resonance broadens and for Eg = 26 MV m™!
the resonances already start overlapping.

We also compute the Berry curvature both numerically and analytically within our
approximations. We find that the Berry curvature is well localized at the Dirac point
and at individual resonances for low electric field strength Ey,, see Fig. 2.4(a). In this
regime it is meaningful to integrate the Berry curvature for individual resonances and the

6. For larger electric

Dirac point and affiliate a pseudo-Chern number to each of them
field strength Berry curvatures arising from individual resonances start overlapping and
therefore the corresponding pseudo-Chern numbers deviate from integers significantly, see
Fig. 2.4(b).

When including dissipation we find from numerical simulations of the single-particle
correlation function that the spectrum agrees well with the effective Floquet band struc-
ture. In contrast, the occupations of the respective bands are profoundly different from
those of a static system. Also when applying a bias to the back gate of graphene and
hence effectively changing the chemical potential, we do not observe the expected plateau

in the electron density within the gap at the Dirac point.

6Strictly speaking these are no Chern numbers, since Chern numbers are defined as the integral of the
Berry curvature over the entire band. We will see that these pseudo-Chern numbers are indeed quantized
in the low-fluence limit and will find an analytic formula for the pseudo-Chern number of the Dirac point
co = —2 and the first resonance ¢; = —4. For larger fluence the pseudo-Chern numbers deviate from
their quantized values.
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2. Floquet physics in real solids: light-induced Hall effect in graphene

2.2.1. Dissipationless graphene: band structure and Berry

curvature within Floquet theory
Here we do a perturbative computation of the effective Floquet Hamiltonian starting
from the high-frequency limit and extending it to lower driving frequencies by expanding

around the first resonance. To this end we will need the Hamiltonian in the interaction

picture.

Hamiltonian for driven graphene in the interaction picture

We start from the Hamiltonian for graphene driven with circularly polarized light with

no additional envelope (see Egs. 2.5 and 2.6)

Hcircular,k = HO,k + Hl,k (211>
Hoyx = hop (T,ky0, + kyoy)
Ey, .
Hiy = Chdrte (T20p01 sin(wart) o, — cos(wart)oy)
Wdr

The corresponding Schrédinger equation is

Zh@t |1/)> == Hcircular,k | ¢>

In the eigenbasis of the undriven system we obtain

Ey, —1
Ul Hy Uy = oty <81 ZCl) ;

War 1’y —81

where $; = sin(7,0powart — ¢x)

¢1 = cos(T,0powart — Px)

and Uy has been defined in Eq. 2.3. Finally, we get the Schrodinger equation in the

interaction picture as

ihdvr) = Hrxlwr)

eEy,vp 51 —je2vrktc,
Hry =

War  \ie 2vrkte, —5

Floquet-perturbative expansion around the Dirac point

We apply the Floquet-Magnus expansion [159-163] up to second order in the interaction

Hamiltonian. Up to second order, the Magnus terms for the effective Hamiltonian are

36



2.2. Floquet bands and their occupations in driven graphene

5
100 - d .
% o numerical
£ 0OF —— Magnus —
: - - = high-freq. Magnus
—100 |- ‘. -
Fay

—100 0 10
hvelkr| [meV]

Figure 2.5 — Comparison of numerical band structure (open circles) and analytical
approximations for Eg, = 10 MV m™! and wq, = 27-48 THz. We show the result within
the second-order Magnus expansion (solid blue line) as well as its high-frequency limit
(dashed red line).

(see e.g. [160])

Hyooae(t) = His(t) — — / At' [Hyro(), Hyx(t)

2ih
We only keep those terms that are time independent upon going back to the Schrédinger
picture. As all terms of Hy oscillate with the driving frequency the first order does not

contribute to the effective Hamiltonian. For the second-order term we obtain

i B <6EdrUF ) 2 1
P we ) R[(2upk)? = W3]
vpk 2w3r; u(;ij k)? 0ol p2ivkt
2W3r;£j?:F k)2 T O_pole—%vpkt —vpk

Upon returning to the Schrodinger picture and the AB-basis this results in

eFq,vp 2 1
1+
heody (20pk)? — w3,
T20pol eEder 2 2w§r — (QUF/{Z)Q
O-Z )
2hwdr War (21)1:]6)2 — w?i

r

Heg x = hop (1.ky0, + kyoy)

which indeed recovers Eq. 2.10 in the limit wg, > 2vpk.
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2. Floquet physics in real solids: light-induced Hall effect in graphene

It is often convenient to rewrite a 2x 2 Hamiltonian in the form
H =dyl 4 dyo, +dyo, +d.o, . (2.12)

The object d = (d,,d,,d,) can then be interpreted as a three-dimensional vector and
both the eigenvectors and eigenvalues e+ = dy %+ |d| can be expressed in terms of d. This
vector is also commonly plotted on the Bloch sphere, a representation that is established
in quantum optics [164].

For our case

€Ed Vg 2 1
vk, |14 ( T ) PraEe wgr] (2.13)
eEdrUF 2 1
d, = hvpk, |1 2.14
! ot [ " ( hway ) (QUFk)Q - w?lr] ( )

d, = (2.15)

T20p0l  €Edqrvp 2 2w3 — (2upk)?
Wdr

2hwgr (20pk)? — w2,

We compare the resulting perturbative band structure to the numerically obtained one
in Fig. 2.5. We see that close to the Dirac point both approximations are valid, while
for larger k-values the second-order Magnus result makes a slightly better approximation
until it diverges at the first resonance. In fact, the divergence of the Magnus expansion
at the first resonance is only lifted when going to infinite order.

The decomposition in form of Eq. 2.12 is helpful for computing the Berry curvature as

well. The Berry curvature is obtained as

-Fij _ 6abcdaaidbajdc
2d3
While it is straightforward to evaluate the Berry curvature Fj, for Eqgs. 2.13-2.15, the
resulting equations are rather lengthy. We therefore present the corresponding results for
the high-frequency limit. The lower and upper bands have equal and opposite curvature.

The one for the lower band is
QUPOZHQU%A
3/2
[h202k? 4 4A2)Y
eEdr'UF > 2

ny(k) = _Fyr(k) = -

1
where A = o (

Wdr

Note that we have summed this expression over the valley index 7, already” and the factor

"Both valleys contribute with the same sign and equal magnitude.
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Figure 2.6 — Chern integral c¢(k) for the lower graphene band. (a) We show the Chern
integral as a function of momentum for three different driving field strengths Fgy, as
indicated in the legend. Lines show the Chern integral computed from the second-
order Magnus expansion, while symbols show the corresponding high-frequency limit.
(b) We show the contribution of the Dirac point to the Chern number c¢(k = wq,/(2vr)
as a function of driving field strength Eg4,. The solid red line shows the second-order
Magnus expansion, the dashed blue line its high-frequency limit and black triangles
show the numerically exact value. For both panels wg, = 27 - 48 THz and op,q = 1.

of 2 has been included for the spin degeneracy. The Chern number is obtained by integrat-
ing the Berry curvature. In order to investigate which momentum modes contribute most
to the Berry curvature it is useful to truncate the integration at a threshold momentum,
such that the Chern number ¢ = ]}Lrgoc(k), k = (kcos(¢), ksin(¢)) and for the lower band

we obtain

20p01
1+ ﬁvpkhwdrwgr 2
(eEder)2

We compare this equation to the full second-order expression in Fig. 2.6(a). We see

1 k 21
k)= — dk’ do k' F,, (k') =
) =5 [ aw [k B i)

— 20pol

that both equations are similar for small momenta, but differ significantly close to the
first resonance. From our numerical simulations we find that the first resonance should
contribute —4 to the Chern number. We confirm that neither of the two expressions
gives the right result for the Chern number contribution of the first resonance. This was
expected due to their failure to capture the band structure correctly at the first resonance.

For small electric field strength the contribution of the Dirac point is well localized and
hence can be obtained by considering ¢(k = wq,/(2vr)). In the limit of vanishing field

strength both analytic expressions do indeed approach the correct value of —2 for the con-
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Figure 2.7 — (a) Floquet replica of the undriven graphene band structure (gray lines)
highlighting the two bands in red that hybridize when applying the additional unitary
transformation Ug,. For comparison open circles show the numerically computed
driven band structure. (b) Comparison of the Magnus approximation (red line) and
the numerically computed band structure (black circles). Both panels show E4, =
10MVm~! and wg, = 27 - 48 THz.

tribution of the Dirac point to the Chern number. In order to quantify the localization of
the Berry curvature around the Dirac point we evaluate ¢(wq,/(2vr)) for wg, = 27-48 THz
as a function of Ey, in Fig. 2.6(b). For larger Ey, the Berry curvature is less localized
in momentum space and hence ¢(wg,/(2vr)) reduces. We see a significant reduction for
E4 > 10MV m~!. This result needs to be taken with care since it is pushing the limit of

validity of the second-order Magnus expansion.

Floquet-perturbative expansion around the first resonance

We have seen that the second-order Magnus expansion is neither able to capture the
band structure nor the Berry curvature close to the first resonance. Here we therefore
apply a trick in order to obtain results valid near the first resonance. Before applying the
Magnus approximation we now go to the rotating frame by using the additional unitary

transformation

This amounts to choosing the two bands that hybridize from different Floquet replica, as
exemplarily shown in Fig. 2.7(a). In this case the first-order Magnus expansion already

contains static terms and hence it is sufficient to go to this order. Already transforming
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back to the Schrodinger picture we obtain for the effective Hamiltonian

hfwdr

+ (prk‘ —

hwa, Eq
Heff,k:_ d)0_2+edvF

5 o [cos(¢x)oy + To0po1 SIN(Pk )0y

Upon transforming back to the AB basis and using the notation from Eq. 2.12 we get

hwdr
dy = —
’ 2
2
Wdr
dy = h(vp — i)kz + O-polTZSdrz_]jQ
Wdr k.k
d2 = h(UF - i)k‘y - O-polSerZy
7.k
dy = Sy 208
3 Ly
Sdr — eEdI‘UF
Wadr
and the eigenenergies are obtained as
. hwdr 1 2 2 2
e =~ 5\/Sdr+h (war — 20pk)? (2.16)

This approximation for the band structure is shown in Fig. 2.7(b). We see that it in-
deed gives a good approximation close to the first resonance. The corresponding Berry

curvature for the lower band is

_2thSdr [SarTpor + A(war — 2vpk) cos(¢y)]
k[S2, + B2 (2upk — way)?)*?

Fpy = (2.17)
The second term depends on the driving phase of the circularly polarized field. It is
an artifact of the Floquet-Magnus expansion that is related to the ’kick’ operators, see
e.g. [165]. The approximation made here is in fact (up to this spurious term in the Berry
curvature) equivalent to mapping the graphene Hamiltonian onto the Rabi problem. We
will discuss this further in chapter 2.4.2. We neglect the second term in Eq. 2.17 and
integrate in order to obtain the momentum-resolved contribution to the Chern number of

the lower band

h(war — 2vpk) hew gy

= 20,0 — 20,0
PSR R (war — 20pk)E /82 (a2

We plot this quantity in Fig. 2.8. The result for the Chern number contribution of the

c(k)

first resonance of —4 (including spin and valley degeneracy) agree with our numerical

simulations. We also observe that for Fgq, = 26 MV m~! the Berry-curvature contribution
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Figure 2.8 — Chern integral c¢(k) for the lower band as a function of momentum.
We use wg, = 27 - 48 THz, o, = 1 and three different driving field strengths Eq,
as indicated in the legend. We show the result for the first-order Magnus expansion
expanded around the first resonance.

of the first resonance shows significant overlap with both the Berry-curvature contribution

of the Dirac point and the second resonance at Avpk =~ 200 meV.

Numerical calculations of Floquet-band structure and Berry curvature

Here we present the numerical algorithm that has been used in the preceding sections for
the calculation of Berry curvatures and band structures. For our calculations we use the
quasi-energy operator () in the extended Floquet-Hilbert space, for details see for example

[166]. At each momentum k we can write this operator as

Hy — hwge H; 0
Q: H—l HO ]{1 ,
0 H—l HO+hU)dr

where

to+T )

Hm = / dt e_zmwdrtHcircular,k
to

and the integral is performed over a period T of the driving field. The quasi-energy

operator is one way to write an effective time-independent Hamiltonian at the cost of

increasing the size of the Hilbert space. For obtaining the band structure and Berry

curvature we can now apply methods designed for static Hamiltonians to the quasi-energy
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Figure 2.9 — We show the Floquet bands computed numerically for wq, = 27-48 THz
and several values of Fy, as indicated in the legend. Dashed gray lines, with spacing
fwa, /2, indicate the resonances.

operator. In order to get the Floquet eigenstates and eigenenergies we truncate and
subsequently diagonalize (). Floquet replica with larger values of m give corrections to
the H,,—o to higher order in Fq4,/wq,. In our case it turns out that truncation such that
—7 < m < 7 is a sufficient approximation. The Floquet band structure is obtained from
combining the eigenenergies of different momentum points. In later chapters we will also
need the Floquet band velocity. This we obtain by numerically computing the momentum
derivative of the Floquet eigenenergies.

We show the numerically obtained band structure in Fig. 2.9. For low driving field
strength the first resonance has the largest gap. When increasing the field strength the
gap increases while simultaneously moving inward towards the Dirac point. At even larger
field strength the size of the gap starts decreasing again. At Eg. ~ 52 MV m™! the ring of
momenta that are resonant contracts to a point and merges at the Dirac point. Generally
higher-order resonances open for larger values of the field strength but show the same life
cycle of increasing gap size, then decreasing gap size and merging at the Dirac point.

Besides the band structure we are also interested in the Berry curvature. We use the
method presented in [167] in order to determine the Berry curvature numerically. Within
this numerical formalism we can now compute Chern numbers. From previous chapters

we know that the contribution to Chern numbers is localized around each resonance. It
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is therefore helpful to define the pseudo-Chern numbers for individual resonances by

1 k=wq,/4/vp

27
dk / Ao k oy (. )
0

Co — —
21 Jo
1 k=(n+1/2)war/2/vr 2m

Cp = — dk;/ do k Fyuy(k, ¢)
2T Jh—(n—1/2)war /2 /vr 0

The pseudo-Chern numbers of individual resonances have also been analyzed analytically
in [168]. There it has been shown that ¢,, = (—1)"-4n, n > 1, where the factor of 4 arises
due to the spin and valley degeneracies. This result is in agreement with our result for
c1 in Sec. 2.2.1. For the examples shown in Fig. 2.4 we can now compute the resulting
pseudo-Chern numbers and compare to the analytical results. For Ey = 10MVm™!
we obtain ¢g = —1.8, ¢ = —4.05, co = 7.8, c3 = —11.97. We see that even for this
comparatively low field strength the pseudo-Chern numbers for the Dirac point and the
first few resonances deviate from the analytical results. For the Dirac point the pseudo-
Chern number only slowly approaches the expected value of —2 when further reducing the
field strength. We get ¢y = 1.95 for Fq, = 5MVm~"! and ¢y = 1.98 for Eg, = 3MVm™L.
At higher field strength, Eg = 26 MV m™!, the pseudo-Chern numbers deviate further
from their analytical values. Since neighboring resonances always have opposite Berry
curvature, these contributions start overlapping and cancel. For this field strength we
obtain cg = —0.9, ¢; = —4.2, ¢o = 6.8 and ¢3 = —11.6.

At this point we would also like to remind the reader of our discussion in footnote
6. The only reason why the pseudo-Chern numbers are allowed to deviate from integers
is that the actual Chern number is the one for the entire band, i.e. the sum of all the
pseudo-Chern numbers of one band. Note that this is a large but finite sum when taking

into account the full graphene dispersion and hence the finite bandwidth.

2.2.2. Dissipative driven graphene: Single-particle correlation

function reveals the band structure®

So far we have only considered periodically driven graphene without dissipation. We are
now interested to what extent dissipative graphene can still be described within Floquet
theory. We simulate the effective, driven band structure of graphene by computing the
single-particle correlation function, for details see Ref. [N2|. The peaks of the single-

particle correlation function agree perfectly with the Floquet band structure computed in

8The results in this section have been published in Ref. [N2]. While the results on the single-particle
correlation function are based on the description of graphene and the damping and dephasing formalism,
developed in this thesis, the actual calculations for this part have been performed by my colleague Lukas
Broers.
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Figure 2.10 — Single-particle correlation function n(k, w) as a function of momentum
times fivg. (Note that hvpk = 400 meV corresponds to k ~ 0.06 A.) Dotted gray lines
show the numerically computed Floquet band structure. The peaks of the single-
particle correlation function agree perfectly with the Floquet band structure. The
correlation function is shown after a steady state is achieved for a tanh-type ramp to
the driven state. We show a slice along the k,-direction of the band structure shown
in Fig. 2.1. Dashed gray lines separate the different Floquet replica, while faint solid
gray lines indicate the Dirac cone for undriven graphene. The parameters are inspired
by experimental ones used in [86]. We use Eyq, = 26 MV m™', wy, = 27 - 48 THz ~
200meV /h, Ty = 1ps, Ty, = 0.2 ps and T}, = 0.4 ps. This figure has been published in
Ref. [N2].

Sec. 2.2.1, see Fig. 2.10. It is obvious that not all of the Floquet replica can be occupied,
since the number of states per momentum is infinitely large and not 2 as for the undriven
band structure. We see that instead only those modes have significant occupation that
are adiabatically connected to the undriven band structure. This was expected, at least
for low electric field strengths, since for F4, — 0 the occupations have to approach the
undriven case. We observe that significant heating occurs at the Dirac point, where the
lower and upper band have almost equal population. Additional excitations occur at each
resonance. Here the lower and upper bands are connected by multiples of the driving
frequency and hence can easily be excited. It is interesting and not obvious to note
that at the second resonance the first Floquet replica (m = +1) has significantly larger
occupation than the zeroth Floquet replica (m = 0). This supports the statement that
only the modes adiabatically connected to the undriven band structure obtain significant
occupation. It is, however, counterintuitive from a perturbation theory perspective, where
the excitation from m = —1 to m = 0 is a first-order effect, while the excitation to m = +1
is only possible in second order in the driving field strength.

Finally, we note that the single-particle correlation function is also accessible for exper-

iments. Similar results could be obtained by angle-resolved photoemission spectroscopy
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Figure 2.11 — Sum of the occupation of the lower and upper graphene bands n(k, 1)
as a function of chemical potential u and momentum times Avg for the effective high-
frequency system. We use the static high-frequency Hamiltonian from Eq. 2.10 for
the dynamics and ramp the effective gap Ay¢ from 0 to its final value. The occupation
is rotationally symmetric and we exemplarily show a cut along the k,-direction. The
black line shows the corresponding effective Floquet band structure. As expected for
a static system the changes in n(k, u) reflect the band structure and the opening of
the band gap. We use Eg, = 20MVm™!, wg, = 27 -48THz, Ty = 1ps, Ty = 0.2ps,
T,=025ps and T'= 15 K.

(ARPES) [169]. The main difference is the appearance of a dark corridor [170-172|, which
could be easily included in our calculations. At this point it is interesting to note the
connection to the discussion in Sec. 3.1 , where we obtain an expression for the time-of-
flight signal when releasing atoms from an optical lattice. The angular dependence of this
expression is closely related to the dark corridor in ARPES-type experiments. In both

cases, the origin is the interference of the signal arising from each of the two sublattices.

2.2.3. Chemical-potential bias in driven graphene

After finding such good agreement between the effective Floquet band structure and the
single-particle correlation function, we consider how close driven graphene behaves to a
static system when applying a chemical-potential bias. This can be achieved by putting
graphene onto a substrate and applying a voltage bias to the substrate. We will find that
dissipative driven graphene reacts profoundly different from an effective static system
when applying a chemical-potential bias. Instead of the gaps of the effective Floquet
band structure the bare Rabi frequency eFg4,vp/wq, plays a crucial role in determining
which momentum modes are occupied at a given chemical-potential bias.

Before considering the actual driven case we take a look at the effective high-frequency
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Figure 2.12 — Sum of the occupation of the lower and upper graphene bands n(k, 1)
as a function of chemical potential ;1 and momentum times Avg for driven graphene.
We show a cut along the k,-direction. Black lines show the minimum and maximum
of the generalized momentum =+ (hvpk £ eFEq,vr/wq;). We use the same parameters

as for Fig. 2.11. We show the occupation after the steady state is achieved for a
tanh-type ramp to the driven state.

static system from Eq. 2.10. We consider the total occupation of each momentum mode

n(k, 1) = Tt | pr(e) (facon + clprn )|

For our simulation we initialize the system at Ay = 0 then increase Ay towards its final
value using a tanh-type ramp protocol and wait until a steady state has been achieved.
The results for the effective static system are shown in Fig. 2.11. For all cases considered in
this section the occupation is particle-hole symmetric and we therefore only discuss p > 0.
As expected for a static system we see that the total occupation of all momentum modes
is 1 for p = 0 and remains at that value when changing the chemical potential within
the band gap. Furthermore for each momentum mode the total occupation increases to
2 when increasing the chemical potential above the corresponding upper band energy.
We show the corresponding plot for the driven system in Fig. 2.12. We see that the
total occupation is dramatically different from that of a static system. In fact, no signs
of the Dirac-point gap and resonance gaps can be seen in this observable. Instead the
instantaneous generalized momentum k —eA of the system plays a crucial role. For circu-
larly polarized light the generalized momentum moves on a circle with radius e Eg,vp /wq,
around the bare momentum k. Hence the absolute value of the generalized momentum
oscillates periodically. When the chemical potential is below the minimum of the gener-
alized momentum p < |hvpk — e Eqvp /wq,| the corresponding momentum mode has unit

occupation. For larger chemical potential the occupation increases and, when it is above
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Figure 2.13 — Sum of the occupation of the lower and upper graphene bands n(k, 1)
as a function of chemical potential ;1 and momentum times hAvg for driven graphene.
We show a cut along the k,-direction. Black lines show the minimum and maximum
of the generalized momentum =+ (hvpk £ e Eq,vr /wg;). We use the same damping as in
Fig. 2.12, but significantly higher Ey, = 225GV m™!, wg, = 27-24PHz and T = 80 K.
We show the occupation after the steady state is achieved for a tanh-type ramp to
the driven state.

the maximum p > |hvpk + e Eg,vr /wq,|, the system reaches double occupancy. As a result
when increasing the chemical potential the first modes that are occupied are those at
hwpk = eEqvp /wqr, which we call the bare Rabi frequency®. This behavior is robust even
for very high driving frequencies, when increasing the field strength simultaneously, see
Fig. 2.13. Finally, we find that the total occupation of all momentum modes ), n(k, u)
is for any chemical potential, independent of the driving field strength Eg,. This is again
in contrast to the effective static system where for small positive chemical potential the

occupation reduces from a value larger than 1 to 1 when the gap at the Dirac point opens.

2.3. Numerical conductivity simulations and

comparison to experiments

After considering the spectrum and the occupations of driven graphene we now turn
towards analyzing the Hall conductivity. It has been predicted that graphene driven
with circularly polarized light has a quantized topological Hall conductivity in the high-
frequency limit [76-80]. Here we consider low-frequency driving as used in Ref. [86]. For
all our simulations we show the conductivity dichroism, defined as the difference of the

conductivity for positive and negative circularly polarized light. We show the momentum-

9This nomenclature will become clear later in Sec. 2.4.2.
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Figure 2.14 — Circular dichroism of the Hall conductivity. (a) We show the
conductivity density oy, as a function of momentum averaged over contributions
from opposing momentum modes. Panel (b) shows the same data as (a) but ra-
dially integrated as a function of threshold momentum |k;|. The first four reso-
nances are indicated by dashed lines. For both panels we use Fj = 20 MV m™!
war = 27 - 48THz ~ 200meV/h, Ty = 1ps, T, = 200fs, T, = 250fs, T" = 1K,
Ep, =1.7kVm™ and ;= 0. We show the conductivity density after a steady state is
achieved for a tanh-type ramp of the driving field strength.

resolved dichroism of the conductivity density in Fig. 2.14(a). In addition to the negative
contribution of the Dirac point resonant contributions occur at multiples of the driving
frequency 2upk = mwg,. Each resonance has negative conductivity contribution for mo-
mentum modes smaller than the resonance 2vpk < mwg,, and positive contribution for
momenta larger than the resonance 2vpk > mwgq,. This effect can be understood from
a harmonic-oscillator perspective: for a driven harmonic oscillator the response switches
sign when driven below and above the eigenfrequency. In graphene the eigenfrequency has
the momentum dependence 2vpk. Hence momenta smaller and larger than the resonance
contribute with opposite sign to the conductivity.

We show the radially integrated conductivity density &y, in Fig. 2.14(b). The plateau
for large |k, | gives the full conductivity dichroism. We see that the major contribution to
the conductivity arises from resonances. Only the small decrease in the integrated oy, for
momenta smaller than 50 meV reflects the contribution of the Dirac point. The alternating
negative and positive contributions from resonances lead to decreasing integrated oy
before the resonance and increasing oy, after the resonance. The larger increase than
decrease reflects that each resonance has a net positive contribution. For higher-order
resonances the contributions are more focused around the resonance and the magnitude of
the net contribution is smaller. For the chosen parameter set only the first two resonances
have a significant net contribution to the conductivity. Higher-order resonances do not

contribute.
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Figure 2.15 — Circular dichroism of the transverse conductivity. Panel (a) shows the
total conductivity as a function of applied chemical potential. Dashed lines indicate
the position of the first resonance 2vpk = wg,. Panels (b)-(e) show the momentum-
resolved conductivity density averaged over opposite momentum modes for increasing
chemical potential as indicated by black squares in panel (a). Black circles denote
the position of the first resonance. The center of each panel (0, 0) is positioned at the
Dirac point. The parameters for all panels are By, = 1MV m™, wg, = 27 - 48 THz,
Ty = 1001fs, To = 20fs, T, = 25fs, T = 80K, Er, = 840 Vm ™! and gey (t) is a Gaussian
envelope with full width half maximum tgwyy = 1 ps. This figure has been published
in Ref. [N2].

The momentum-resolved conductivity allows to identify the different contributions to
the transverse current. In experiment, however, such data is not easily accessible. Instead
it is possible to tune the applied back gate, i.e. the chemical potential [86]. When increas-
ing the chemical potential for the effective static system, momenta close to the Dirac point
are fully occupied and due to Pauli blocking do not contribute to the conductivity. As we
have learned in Sec. 2.2.3 changing the chemical potential in driven graphene behaves pro-
foundly different, inserting extra electrons at the Rabi frequency, i.e. hupk = e Eq,vp /war,
instead of the Dirac point, i.e. k = 0. For low electric field strength Eg4, the bare Rabi
frequency is small, hence its difference to k = 0 negligible, and the system behaves sim-
ilar to the static system. We show this case in Fig. 2.15. For momentum modes smaller
than the first bare resonance negative contributions to the conductivity dominate. When
increasing the chemical potential the conductivity of these modes becomes suppressed
and the total conductivity increases. Near the first resonance the situation reverses. Now
momentum modes above the resonance become fully occupied and increasing the chemi-

cal potential further leads to decreasing total conductivity. Hence the chemical-potential
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Figure 2.16 — (a) Chemical-potential-resolved circular dichroism of the transverse
conductivity. The data from the numerical simulation (red line) and experimental data
[86] (open circles) agree quantitatively. (b) Electric field strength dependence of the
current dichroism for several values of the particle-exchange time scale 7, as indicated
in the legend. We see that a value of T,, = 30 —50fs is consistent with the experiment.
The parameters for the numerical simulation are wg, = 27 - 48 THz ~ 200 meV /A,
Ty = 100fs, T, = 20fs, T = 80K, F;, = 1.7kVm™! and the driving pulse has
Gaussian envelope with electric field strength FWHM of v/2ps, corresponding to
intensity FWHM of 1ps. Finally, By, = 26 MV m™! and T, = 36fs in panel (a) and
chemical potential ¢ = 0 in panel (b). This figure has been published in Ref. [N2].

dependence of the transverse conductivity reflects the resonant behavior. Although the
mapping between chemical potential and occupied momentum modes is more convoluted
for larger field strengths we can still see a clear signature of the resonances in this regime.
In Fig. 2.16 we compare our results to experimental results obtained in [86]. We find
that both the fluence dependence as well as the chemical-potential dependence for high
fluence agree quantitatively with just a single free parameter. All parameters except for
the dissipation rates agree with those in [86|. The dissipation rates 77 and Ty are inspired
by a different measurement on graphene [173]'°. Only the third decay rate T}, is adjusted
to match the experimental data. We find that depending on the electric field strength
values of 30 — 50 fs are appropriate.

For the simulation of the experiment from [86] it is crucial to work at fixed chemical
potential instead of fixed density. To illustrate the difference we show a simulation enforc-
ing fixed density for each momentum mode during the time evolution in Fig. 2.17. The
parameters are the same as in Fig. 2.16. The shape of the curve is fundamentally different
from the experimental data. When working at fixed particle number we fill the undriven

system according to the chosen chemical potential and then keep the total number of elec-

10Gimilar dissipation rates have also been obtained in a range of other publications [174-178].
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Figure 2.17 — Chemical-potential-resolved circular dichroism of the transverse con-
ductivity. Black circles show experimental data from [86] and the solid red line
shows results from our numerical simulation. Here p is the chemical potential
of the initial state and we do not allow for the exchange of particles during the
simulation. The parameters for the numerical simulation are Ey = 26 MV m™!,
war = 2m - 48THz ~ 200meV /h, T1 = 100fs, T, = 20fs, T' = 80K, T, = 36fs,
Er, = 1.7kVm™! and the driving pulse has Gaussian envelope with electric-field-
strength FWHM of v/2 ps, corresponding to intensity FWHM of 1 ps. This figure has
been published in Ref. [N2].

trons in each momentum mode constant when switching the driving field on. In contrast
to the experimental data the simulated conductivity increases when tuning the chemical
potential away from zero. This effect is quite general for the system at fixed particle
number as in this case the momentum modes close to the Dirac points are the first modes
that are filled and hence do not contribute to the current. As we have seen in Fig. 2.15 the
momentum modes inside the circle of the first resonance contribute dominantly negative
and hence when blocking these modes the conductivity increases. We conclude that the
exchange of electrons with unilluminated regions of the graphene sample as well as with
the substrate is important even on the short time scales of the circularly polarized pulse.

We note that the experiments presented in Ref. [86] have been performed using a
driving pulse with Gaussian envelope. For the comparisons to experiment we use the same
setup for our simulations. We find, however, that the width of the Gaussian envelope is
sufficiently long, such that the electrons remain close to the steady-state at all times for
the given set of dissipation parameters. We therefore focus on the steady-state properties

in the following chapters by considering a tanh-type ramp.
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2.4. Hall conductivity in driven graphene in the

low-fluence limit

We have seen that our model describes the Hall conductivity in driven dissipative graphene.
Next we analyze the origin of the Hall conductivity. We find that a major contribution
to the Hall conductivity in graphene is a Berry curvature effect. In the infinite-frequency
limit the Berry curvature is well localized around the Dirac point. At finite frequency
there are additional contributions originating from resonances. In fact, we find that in
most cases these contributions dominate the conductivity. At low driving field strength
E4, the dominant contribution to the Hall conductivity originates from the first resonance
where 2vpk = wq,. This is because at low FEjy, all other gaps are small compared to tem-
perature, damping and dephasing time scales. We call these gaps closed (this will be
explained in detail in Sec. 2.6). Therefore we first consider the contribution of the first
resonance in the limit of low field strengths where mapping the graphene Hamiltonian
onto the Rabi problem can give intuitive insights. We confirm our proposal that the Hall
conductivity is approximately given by the sum of the Berry-curvature and band-velocity

contributions, see Eq. 2.1, for the regime of low field strengths.

2.4.1. The Rabi problem

For completeness we give a brief description of the Rabi problem. A more detailed de-
scription can be found in Rabi’s original work [179] and in Ref. [180]. We start from
the Jaynes-Cummings-Paul model for a driven two-level system within the rotating-wave

approximation®!

H0:<hw0/2 . ) (2.18)
0 —hw/2

0 efiwdrt
I
H' = h\ (ewdrt . ) : (2.19)

where wy is the level spacing of the atom and wg, is the frequency of the electric field.
The resulting Schrodinger equation is commonly solved by applying the rotating-wave

approximation, i.e. applying the unitary transform

e~ wwart 0
Urotating—wave =
0 1

)

Usually the Hamiltonian is written as Ho = (
this will make the comparison to graphene easier.

Here we introduce a constant energy offset as
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The solution is

e~ wart/2 | g cos(Qpt) + i(lAgz—;M sin(QRt)]

eiwart/2 beos(Qrt) — i% sin(QRt)]

v(t) =

where we have defined the detuning

W — Wo

and the Rabi frequency
OQp = VA2 + )2

The integration constants a, b are fixed from the normalization of the wave function and
the initial condition. Note that the above wave function is normalized for a = sin(y) and

b = cos(x).

2.4.2. Mapping driven graphene onto the Rabi problem

We use the solution obtained for the Rabi problem in the previous section to solve the
Schrédinger equation in driven graphene within the rotating wave approximation. This
yields a good estimate close to the first resonance.

As in Sec. 2.2.1 we start from the graphene Hamiltonian with no longitudinal field, see

Eq. 2.11. Again we go to the basis that diagonalizes the undriven Hamiltonian and obtain

Ul Hoy Uy = 2hwpko, (2.20)
Eq: —i

- B (0 )
War "y —81

where $1 = sin(7,0powart — ¢x)

c1 = cos(T,0powart — Px)

Next we do the rotating wave approximation, keeping only those terms, non-oscillatory

in the rotating frame. Then

E r O _ Z'e_iwdrt'i'i'rzo'pol(bk
Ha(t) m =4F ( . (2.21)

Z'eiwdrt_iTzUpol¢k 0

Equations 2.20 and 2.21 closely resemble Eqgs. 2.18 and 2.19 and can therefore be solved
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analytically in analogy to the Rabi problem. The solution can be written as

[Yr(t) = [r(6) € + [ - (1))e™ ",

where
—jeiT=0po1 Pk (CL + —aAgib/\) /
Y — R —iwqrt/2
[Vr,+ (1)) (b + bAQ—;m\) piwrt e
and
A - wdr - ZUFk
o 2
\ — eFq,vp
2hwdr

Also note that

T (Opotks + iky)
k

O-poleﬂ'zo'pol(bk —

and we obtain the bare Rabi frequency, i.e. the one for zero detuning, as 2Qg(A = 0) =
eEayvr /war, where the factor of 2 has been included for convenience. The eigenenergies

can be read off from the eigenstates as
ER;‘: = —hwdr/Q + hQR

This result is indeed in agreement with Eq. 2.16. This emphasizes that the Magnus
expansion in the rotating frame is closely related to the Rabi problem.

For completeness we note that the band velocity is obtained as
Vi(k) = VkER7:t(kf)

Next we determine the instantaneous Berry curvature. For this we need the eigenstates

with respect to the original A B-basis

Wﬁ,Bi(t)) = Ux|vr+ (1))

The Berry connection is now given by

AX(t) = i gi(t)\a%wéi(t))
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and as a result we obtain the Berry curvature as

9] 0
FEk,t)= —A, (1) — —A,(t
R( 7) aky () akz y()
0ol A? __ Re[(ky + i0potky)e™art] vp AA (2.29)
KO, K20 '

The first contribution is the same as the result within the Magnus expansion in the
rotating frame, see Eq. 2.17. For now we neglect the second time-dependent part of the
Berry curvature. This will be discussed in Sec. 2.4.3. Finally, we note that given a density

matrix px we can compute the occupations of the Rabi bands as
e (k. 1) = (WrL () ) VR (1)

2.4.3. Interpretation of the Hall conductivity in terms of Rabi

Berry curvature and Rabi band velocity

We are now ready to compare the full conductivity to the Rabi-Berry-curvature and band-
velocity contributions. To this end we use the results for the Rabi Berry curvature, Rabi
band velocity and Rabi occupations from the previous section and insert them into Eq. 2.1.
We find that the Rabi-Berry-curvature contribution switches sign at the first resonance,
see Fig. 2.18(a). This is a result of occupying different Rabi bands with opposite Berry
curvature on each side of the resonance. Most of this contribution cancels. Damping leads,
however, to slightly higher occupation on the outside of the resonance and hence there
is a net positive contribution from Rabi Berry curvature, see Fig. 2.18(c). Comparing
the Rabi Berry curvature to the full conductivity in Fig. 2.18(b) we find qualitatively
good agreement. Only the contribution from the Dirac point in the full conductivity
is not captured by the Rabi-Berry-curvature contribution. This is expected since the
rotating-wave approximation is only valid close to the first resonance. A quantitative
comparison in Fig. 2.18(c) shows that about half of the full conductivity is due to Rabi
Berry curvature. An additional contribution is due to the band velocity of Rabi states.
This effect is similar to the population-imbalance effect presented in Ref. [N5|. We see
that roughly 80% of the full conductivity is captured by the sum of the Berry-curvature
and band-velocity contributions.

We show results for lower damping and dephasing time scales in Fig. 2.19. We see
that the sum of Berry-curvature and band-velocity contributions shows better agreement
with the full conductivity in this regime. We therefore conclude that the identification
Oxy R Pyy, see Eq. 2.1, is particularly well founded in the weakly damped regime. For all

damping strengths there is a finite contribution from Rabi band velocity. Hence, band-
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Figure 2.18 — Circular dichroism of the Rabi-Berry-curvature and Rabi-band-velocity
contributions and the full conductivity. (a) Rabi-Berry-curvature contribution to
the conductivity dichroism. We show the Berry curvature computed according to
Eq. 2.22 weighted with the respective Rabi occupations. (b) Circular dichroism of
the simulated Hall conductivity density &,. Panels (a) and (b) are averaged over
opposing momentum modes. (¢) Comparison of the integrated Hall conductivities.
We show the conductivity density oy, integrated over all momenta smaller than the
threshold value |k,|. The solid black line shows the simulated full conductivity, the
dashed blue line shows the Rabi-Berry-curvature contribution and the dotted red line
shows the sum of Rabi-Berry-curvature and Rabi-band-velocity contributions. In all
plots we use Eg, = 5MVm ™!, wq, = 2748 THz =~ 200 meV /A, T} = 1ps, Ty, = 200fs,
T, =200fs, T = 80K, F;, =1.7kVm™! and p = 0. All observables are shown after a
steady state is achieved for a tanh-type ramp of the driving field strength. Panels (a)
and (b) have been published in Ref. [N2].

velocity and Berry-curvature contributions occur simultaneously. This is in contrast to
topological insulators, where the band gap leads to vanishing band-velocity contribution
in the topological regime.

Finally, we consider the time-dependent Berry-curvature contributions we found in
Eq. 2.22. Since the density matrix and the Rabi eigenstates are time dependent the
occupations of Rabi bands ng 4 (k,¢) will also contain an oscillatory contribution. The
resulting time dependence may cancel and therefore there is a time-independent con-

tribution from time-dependent curvature and occupations. We have checked that this
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Figure 2.19 — Comparison of the integrated Hall conductivity dichroisms. We show
the conductivity density oy, integrated over all momenta smaller than the threshold
value |k;|. The solid black line shows the simulated full conductivity, the dashed blue
line shows the Rabi-Berry-curvature contribution and the dotted red line shows the
sum of Rabi-Berry-curvature and Rabi-band-velocity contributions. We have added
an offset to all curves such that they are zero at Avp|k.| = 20meV. In all plots we
use By, = 5MVm™!, wy, = 27 - 48THz ~ 200meV /A, T = 80K, Ep, = 1.7kVm™!
and p = 0. Panel (a) shows 77 = 4ps, 75 = 0.8 ps, T, = 1.6 ps and panel (b) shows
Ty = 20ps, Ty = 4ps, T, = 8ps. All observables are shown after a steady state
is achieved for a tanh-type ramp of the driving field strength. Panel (a) has been
published in Ref. [N2].

contribution is several orders of magnitude smaller than the contribution arising due to
time-independent Berry curvature and hence the quantities can be averaged indepen-
dently Fy,(k,t)n(k,t) = F,y(k,t) n(k,t). Hence it was well founded to drop the second,

time-dependent contribution to the Berry curvature.

2.5. Hall conductivity in driven graphene for larger

fluence

The analysis using the Rabi solution gives intuitive insight for the contribution of the
first resonance. At larger electric field strength higher-order resonance gaps open and
the Rabi approximation is not valid any more. In analogy to the above considerations
using the Rabi solution, we can now use Floquet theory in order to obtain the Berry-

curvature and band-velocity contributions. The occupations of individual Floquet bands
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Figure 2.20 — Floquet band structure colored by Berry curvature. Berry curvatures
are integrated over ring segments of the 2-d momentum space. Dashed gray lines
separate the different Floquet replica, while faint solid gray lines indicate the Dirac
cone for undriven graphene. We use Fgq, = 26 MVm™! and wy, = 27 - 48 THz ~
200 meV /h. This figure has been published in Ref. [N2].

are obtained by integrating the respective sectors of the single-particle correlation function
shown in Fig. 2.10, for details see the appendix of Ref. [N2|. The Floquet Berry curvature
and Floquet band velocities are computed numerically using the procedure presented in
Sec. 2.2.1.

In Fig. 2.10 we see that those Floquet bands obtain the largest occupation that are
adiabatically connected to the undriven lower Dirac cone. For these bands the following
pattern repeats at each resonance: momenta smaller than the resonance have dominant
occupation in the band above the resonance and momenta larger than the resonance
in the band below. A split band picture emerges where the dominantly occupied band
changes at each resonance. Additionally we consider the Floquet Berry curvature, shown
in Fig. 2.20. The latter is always positive in the band below the resonance and negative in
the band above. Combining this with the occupations we find that the Hall-conductivity
contribution according to Eq. 2.1 is negative for momenta smaller than the resonance
and positive for momenta larger. The pattern of the first resonance repeats. This is in
agreement with the alternating sign of the Hall conductivity density, remember Fig. 2.14.

We turn to a quantitative comparison of the Floquet-Berry-curvature and Floquet-
band-velocity contributions with the full current. The resulting fluence dependence of the
Hall conductivity is shown in Fig. 2.21. For all fluences a significant part of the simulated
conductivity is due to Floquet Berry curvature, while an additional contribution comes
from Floquet band velocities. At low fluence the band-velocity contribution dominates.

At higher fluence there is a crossover and the Hall conductivity is dominated by Berry-

59



2. Floquet physics in real solids: light-induced Hall effect in graphene

T T
¢ conductivity simulation ¢ ¢ 0
- Rabi curv. + band
2 ¢ 4
A curv. + band o A A A
A
o curvature
— ¢ A
e o band A
— ¢
>
bx 1r ¢ A o O D_
AT B o o o o
2,08 "
29 ®
0o B | |
8 10 20
Eqr [MVm™!]

Figure 2.21 — Comparison of the electric field strength dependence of the conduc-
tivity dichroism and the Berry-curvature and band-velocity contributions. Black dia-
monds show the simulated full conductivity, the faint dashed line the sum of Berry-
curvature and band-velocity contributions computed from Rabi states, red triangles
show the same computed from Floquet states, blue squares show only the Berry-
curvature and blue circles only the band-velocity contribution computed from Floquet
states. We use wg, = 2748 THz ~ 200meV /h, T} = 1ps, To = 0.2 ps and T, = 0.4 ps,
T =80K, F, =1.7kVm ! and g = 0. All observables are shown after a steady state
is achieved for a tanh-type ramp of the driving field strength. This figure has been
published in Ref. [N2].

curvature contributions.

We find that a similar comparison for smaller dephasing-type damping, shown in
Fig. 2.22, yields even better agreement of the Hall conductivity and the sum of Floquet-
Berry-curvature and Floquet-band-velocity contributions. This suggests that dephasing-

type dissipation is responsible for the deviation of the two quantities in Fig. 2.21.

2.6. Resolving the Hall conductivity of individual

resonances

We have identified the main contribution to the Hall conductivity to be arising from in-
dividual resonances and the Dirac point. For low values of Fy, the conductivity density
is well localized around individual resonances and there is no contribution to the conduc-
tivity in between resonances. Hence in between resonances the integrated conductivity
shown in Fig. 2.23 is constant. In this regime we can define contributions of the Dirac
point and individual resonances by integrating the conductivity density over the respective

sectors. This is similar to the integrals for pseudo-Chern numbers defined in Sec. 2.2.1.
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Figure 2.22 — Comparison of the electric-field-strength dependence of the conduc-
tivity dichroism and the Berry-curvature and band-velocity contributions for small
dephasing-type damping. We show the circular dichroism of the integrated Hall-
conductivity density. The solid black line shows the simulated full conductivity, the
dashed red line the sum of Berry-curvature and band-velocity contributions computed
from Floquet states and the dotted blue line shows only the Berry-curvature contribu-
tion. Dashed vertical lines indicate the first three resonances. The parameters are the
same as in Fig. 2.21 except for T, = 2 ps. This figure has been published in Ref. [N2].

We define
k=wq,/4/vr
ODirac = / d’k G, (2.23)
0
k=(n+1/2)war/2/vr
On-th resonance — / d2k 5xy : (224)
k=(n—1/2)war/2/vr

For larger field strength we can still apply this procedure. In this regime the contributions
of resonances start overlapping, however, and it is therefore not as well founded. Since the
contribution from resonances is always negative below and positive above the resonance,
overlapping resonances lead to canceling contributions.

Keeping the applicability regime in mind we use the above procedure in order to an-
alyze the driving-field-strength dependence of the contribution of individual resonances
and the Dirac point. The contribution in the high-frequency limit without damping has
been analyzed in [76-80]. In this limit there are no resonant contributions and the total
Hall conductivity originates from the gap at the Dirac point and is o,, = —2¢?/h. For
this result a fully occupied lower and an empty upper graphene band is assumed. Un-
der experimental conditions finite-frequency driving leads to excitations into the upper
graphene band. Depending on the strength of damping and dephasing effects one obtains
a steady state with significant occupation in the upper graphene band close to the Dirac
point, see Fig. 2.10. The upper band has opposite Berry curvature and hence contributes
to the Hall conductivity with opposite sign. As a result the Hall conductivity arising from

the Dirac point is reduced significantly for experimental conditions. Since the occupation
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Figure 2.23 — Circular dichroism of the integrated Hall conductivity density. We
show the conductivity density oy, integrated over all momenta smaller than the thresh-
old value |k, | for two different driving field strengths as indicated in the legend. The
first, second and third resonance are indicated by dashed lines. Red arrows mark the
conductivity contribution of the Dirac point, the first and the second resonance for
Eq = 16.8MVm™!. We use wq, = 27 - 48 THz = 200meV /h, Ty = 1ps, Ty = 200 fs,
T,=200fs T =80K, Fr, = 1.7kVm ™" and p = 0. All observables are shown after a
steady state is achieved for a tanh-type ramp of the driving field strength.

of the lower band is always larger than the one of the upper band, the net contribution
from the Dirac point is always negative. Hence the sign agrees with the one expected in
the high-frequency limit, but the magnitude is reduced.

We have noted in the previous section that all resonances give net positive contribu-
tion. We show the resulting field-strength dependence of the contributions of different
resonances and the Dirac point in Fig. 2.24(a). We see that only the first resonance con-
tributes for electric field strengths smaller than 8 MV m~!. In this regime the conductivity
is well described by the Rabi Berry curvature. For low field strengths the gaps at higher-
order resonances are still small compared to temperature, damping and dephasing effects,
see Fig. 2.24(b). Therefore the lower and upper Floquet bands near the resonance have
equal occupation and hence the corresponding contributions to the conductivity cancel
due to the opposite sign of the Berry curvature and band velocity. We call these resonance
gaps that do not contribute to the conductivity closed.

For field strengths larger than 10 MV m™! the second-order gap starts to open and
hence contributes to the conductivity. We expect the conductivity arising from the first
resonance to saturate in this regime. We see, however, a reduction in Fig. 2.24(a). This is
due to the above mentioned resonance broadening that leads to canceling contributions of
the first and second resonance and hence a reduction of the conductivity in the momentum

range of the first resonance.
As the second resonance opens we see a further increase of the Hall conductivity. At
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Figure 2.24 — (a) Resonance-resolved conductivity dichroism as a function of electric
field strength. The solid black line shows the full conductivity, while the dash-dotted
blue line shows the contribution of the Dirac point and other lines show the con-
tributions up to and including the n-th resonance as indicated in the legend. (b)
Gap sizes as a function of electric field strength. The dash-dotted blue line shows
the gap at the Dirac point, while other lines show the gaps at the n-th resonance as
indicated in the legend. The dashed gray line shows the approximate scale of tem-
perature, damping and dephasing effects kgT =~ h/T; ~ 6 meV. The parameters used
are wg; = 27 - 48 THz ~ 200meV /h, T} = 1ps, To = 200fs, T, = 400fs 7' = 80 mK,
Ep, =1.7kVm~! and = 0. All observables are shown after a steady state is achieved
for a tanh-type ramp of the driving field strength. This figure has been published in
Ref. [N2].

even higher field strengths, higher-order gaps open subsequently and lead to a series of
plateaus and further increasing conductivity. Still, for the field strengths considered, only
a small fraction of the total number of resonances contributes to the conductivity. For
E4 =26 MV m™! we find that summing the contribution of the Dirac point and the first
4 resonances accounts for 99.8% of the full Hall conductivity. The net contribution of
each resonance is negative and therefore the total resonant contribution is opposite to
the high-frequency contribution. Furthermore we find numerically that the magnitude
of the high-frequency contribution is usually smaller than the magnitude of the resonant
contributions. This is in agreement with the sign of the conductivity of experimental data
in Ref. [86].
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2. Floquet physics in real solids: light-induced Hall effect in graphene

2.7. Geometric Hall conductivity of the Dirac-point
gap

So far we have seen that the transverse Hall conductivity is dominated by resonant con-
tributions and the contribution of the Dirac point is highly suppressed by dissipation in
the experimentally realistic regime. Here we are interested in the question under which
circumstances the contribution of the Dirac point can become significant. We consider
three different regimes: increasing driving frequency, decreasing dissipation and the tran-
sient response for short times. We find that for increasing driving frequency the system
approaches a high-temperature state with equal occupation in the lower and upper band
and hence vanishing Hall conductivity. In contrast, for reduced dissipation and in the
transient response the system approaches a regime in which the Dirac-point contribution

approaches the value of oy, = —2¢?/h, which is expected in the high-frequency limit.

2.7.1. High-frequency limit

We compare the conductivity in a realistic system with the effective high-frequency limit
in Fig. 2.25(a). We model the latter with the effective static Hamiltonian from Eq. 2.10.
We confirm that the sign of the conductivity is opposite. When increasing the driving
frequency we keep the size of the gap at the Dirac point Ay oc E2 /w3 fixed by simul-
taneously increasing the electric field strength Eg,. This is important in order to ensure
that the gap remains open, i.e. large compared to damping and dephasing effects. We
see in Fig. 2.25(a) that for the given range of frequencies the system approaches the
high-frequency limit for increasing driving frequency.

For larger driving frequency we need to take smaller time steps for our numerical inte-
gration routines. Increased field strength additionally leads to current arising from larger
momenta and hence an increased window in momentum space that needs to be simu-
lated. Therefore the regime of high electric field strengths and frequencies is numerically
challenging and we can not go to higher driving frequency for the full conductivity in
Fig. 2.25(a). Instead we focus on the contribution of the Dirac point in Fig. 2.25(b). For
wqr = 27 - 50 THz and wyg, = 27 - 100 THz we still see the onset of the first resonance. For
larger driving frequencies the plateau at larger threshold momenta gives the Dirac-point
contribution to the conductivity. In the high-frequency limit it is expected to converge
towards —2e?/h. Dissipation dramatically changes this result. We observe in Fig. 2.25(b)
for increasing driving frequencies that the conductivity reduces to 0 instead. The inter-
play of driving and dissipation leads to the formation of a high-temperature state with

almost equal occupation of the lower and upper graphene band. Since both bands have
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Figure 2.25 — Increasing the driving frequency for fixed Dirac-point gap. We show
the circular dichroism of the transverse conductivity. Panel (a) shows the total con-
ductivity as a function of applied chemical potential and panel (b) the conductivity
density oy, integrated over all momenta smaller than the threshold value |k;|. The
driving frequencies for both panels are indicated in the legends. The electric field
strength is Ey, = 20 MV m™! for wy, = 27 - 48 THz and is adjusted such that E3 /w3
— corresponding to the gap in the high-frequency limit — is the same for all choices of
wqr- For comparison we show the conductivity of the effective high-frequency system
in (a). The remaining parameters for all panels are 7y = 100fs, T, = 20fs, T, = 2515,
T = 80K and E;, = 840V m™!. All observables are shown after a steady state is
achieved for a tanh-type ramp of the driving field strength.

opposite Berry curvature and band velocity the resulting Hall conductivity vanishes.

2.7.2. Geometric Hall conductivity for low dissipation

Next we consider a different route for recovering the geometric Hall conductivity of the
Dirac-point gap. Instead of increasing the driving frequency we reduce dissipation. We
find for fixed driving frequency that dissipation greatly inhibits the Hall-conductivity
contribution of the Dirac-point gap. At the same time the contributions of resonances are
enhanced by some dissipation mechanisms. We can identify a regime of low dissipation
and intermediate electric field strengths where the Hall-conductivity contribution of the
Dirac point approaches —2¢?/h.

In this and the following section we switch off the coupling to the back gate (T}, = 00),
hence we work at fixed particle number, enforcing unit occupation of each momentum
mode. The computations with decoupled back gate are more efficient and hence allow
to investigate a wider parameter regime. Apart from being numerically more feasible we

have several other reasons motivating the decoupled back gate: experimentally this could
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Figure 2.26 — Circular dichroism of the integrated Hall conductivity densities for
several different values of the dissipation as indicated in the legend. We show the
conductivity density oy, integrated over all momenta smaller than the threshold value
|k,|. The first, second and third resonance are indicated by dashed lines. We use
Fgq = 84MVm™, wy, = 27 - 200 THz, T, = oo, T = 80mK, F;, = 1.7kVm™! and
i = 0. All observables are shown after a steady state is achieved for a tanh-type ramp
of the driving field strength.

be achieved by using free-standing graphene, i.e. graphene without a substrate. Also
we expect that at zero chemical potential the results are qualitatively similar to those
with coupled back gate. Finally, it is an interesting question on its own to ask whether
decay-type damping inhibits the geometric Hall conductivity of the gap at the Dirac point.
First we focus on the role of dephasing-type damping, i.e. T5. In order to resolve the
contributions of individual resonances we use larger driving frequency as compared to
previous sections. We observe in Fig. 2.26 that the relative scale of T} and T crucially
influences the Hall-conductivity contributions of the Dirac point and the first resonance.
Large dephasing type damping, i.e. small T5, suppresses the contribution from the Dirac
point, while at the same time enhancing the contribution of the first resonance. Compared
to this effect the overall time scale of damping at fixed 75 /T plays a negligible role for
100fs < T7 < 1ps. We note that there is an upper bound T5/T; < 2, since there is a finite
amount of dephasing for each decay process. This can also be motivated from Eq. 2.9,
where we see, when setting the bare dephasing-type damping v, = 0 to zero, that at low
temperature
1 c 1
T
Hence, in order to find a regime where the contribution of the Dirac point to the Hall
conductivity becomes large, we consider only cases where T, = 27}. We show the driving-

field-strength dependence of the Dirac-point contribution for different 77 in Fig. 2.27. In
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Figure 2.27 — Contribution of the Dirac point to the Hall conductivity dichroism,
as defined in Eq. 2.23, for different damping time scales as indicated in the legend.
For comparison we show the results for the effective high-frequency limit at 77 = 1 ps
(dotted line). We use wqg, = 27 - 200 THz, T, = 2T, T, = oo, T = 80mK, FEy, =
1.7kVm~! and g = 0. All observables are shown after a steady state is achieved for a
tanh-type ramp of the driving field strength. The simulations for the low dissipation
cases are numerically quite challenging and we expect this to be the origin of the
wiggles in the T} = 33 ps data.

the effective high-frequency limit (modeled by Eq. 2.10) the contribution of the Dirac point
to the Hall conductivity is small for low electric field strength, increases to approximately
—2€?/h and then reduces again for even larger field strengths. At low field strength the
size of he gap is still small compared to dissipation and temperature and therefore does
not contribute to the conductivity. The origin of the reduction for large field strength
is the one noted in Sec. 2.6: the conductivity contribution spreads out in momentum
space and hence extends beyond the regime that we affiliate with the Dirac point. At
intermediate field strengths we find a plateau at —2e?/h for the effective high-frequency
system. We note that the dissipation has only minor influence on the effective high-
frequency system, since it is a static system with the chemical potential inside a band
gap. For the experimentally realistic system, driven at finite frequency, we see that decay-
type damping has strong influence on the Hall conductivity of the Dirac point. For large
decay-type damping, i.e. small T3, the Dirac-point contribution is reduced significantly.
For larger values of T} the contribution of the Dirac point agrees with the one computed
for the effective high-frequency system for low values of the driving field strength. When
further increasing 7T} the range in which the two contributions agree extends to larger and
larger field strength. For Ty = 33 ps we nearly recover the quantized value of —2¢?/h at
intermediate field strengths. Hence, the Hall-conductivity contribution of the Dirac point

converges towards its high-frequency limit when reducing dissipation.
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2.7.3. Geometric Hall conductivity in the transient response
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Figure 2.28 — Coefficients of the density matrix for a cut along the k,-direction at
different snapshots in time as indicated in the legend. For comparison we show the
ground state of the effective high-frequency system with solid lines. We show m,
by black triangles and m, by red circles, we do not show m, since it is negligible
along the k,-direction. The left column shows the undamped system while the right
column shows 77 = 10ps, T5 = 21} and T}, = oo. For all panels Eq, = 84 MV m~ !,
wqr = 27 - 200THz, T'= 80mK, E;, = 0 and the envelope of the driving pulse is a
tanh-type interpolation from 0 to 1, that reaches 1 after 1 ps.

A second route to increase the contribution of the Dirac point to the Hall conductivity
is to look at the transient response before the system equilibrates. We find that in the

transient regime the contribution of the Dirac point is approximately —2e?/h for a wide
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2.7. Geometric Hall conductivity of the Dirac-point gap

range of different damping time scales 77 > 1/2ps.

In order to get an intuitive understanding of the transient regime we first consider
the time evolution of the density matrix without an applied longitudinal field. When
decoupling the back gate (T}, = 0o) the system has unit filling and hence can be described
by a 2x2 density matrix

px = 1/2+my(k)o, + my(k)o, + m.(k)o,

We show the coeflicients of the density matrix for a cut along the k,-direction in Fig. 2.28.
We do not show m,, (k) since it is negligible for k,, = 0. We first consider the undamped case
which is shown in the left column of Fig. 2.28. Initially the density matrix correctly shows
the dependence for undriven graphene where m, = —k,/|k| and m, = 0. Subsequently
the system evolves towards the ground state of the driven effective high-frequency system
shown by solid lines in Fig. 2.28. For large momenta it reaches this value after about 5 ps.
Here the quench is adiabatic since the time scale of the quench of about fquench = 1ps
(h/tquench =~ 0.7meV) is slow compared to the bandwidth of undriven graphene 2¢, =
2hvrpk. Directly at the Dirac point the bands of undriven graphene touch and hence the
quench can not be adiabatic. The time scale of the quench determines the range around
the Dirac point where the quench is nonadiabatic. For longer quench time scales the
region where the response deviates from the ground state of the high-frequency system
is more confined around the Dirac point. Finite m,-component around the Dirac point
is important for having finite Berry curvature and hence a finite Hall conductivity. With
dissipation momentum points that are nonadiabatic may relax towards the ground-state
value of the high-frequency system, see right column of Fig. 2.28. At the same time
dissipation leads to a reduction of all coefficients of the density matrix. We find that this
reduction is stronger for larger dissipation. This overall reduction also reduces the Hall
conductivity. In the right column of Fig. 2.28 we consider a regime where the quench
duration is faster than the relaxation time scale 7). Then there are two different time
scales. First the system approaches the ground state of the high-frequency system for
all momentum modes that are adiabatic within the first 5ps. Then on a longer time
scale the density matrix components of all momenta approach the steady state which is
reached after about 40 ps. At intermediate times the m, component of the density matrix
at the Dirac point has already nonzero value while at the same time the density-matrix
components of larger momenta are still close to the effective high-frequency system. This
is the regime where we expect the quantized Hall response of the Dirac point.

We show the time-resolved contribution of the Dirac point to the Hall conductivity in

Fig. 2.29. The net Hall conductivity is negative for all dissipation strengths and times. We
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Figure 2.29 — Contribution of the Dirac point to the Hall conductivity dichroism,
as defined in Eq. 2.23, as a function of time ¢ and inverse dissipation time 1/77. We
use Eg, = 84MVm™, wg, = 27 -200THz, Ty = 273, T, = oo, T = 80mK, Fj, =
1.7kVm™, ;1 = 0 and the envelope of the driving pulse is a tanh-type interpolation
from 0O to 1, that reaches 1 after 1 ps. Note that the sharp transitions in the plot are
a result of using a course grid of times and dissipation strengths.

see that the Hall conductivity reaches the high-frequency value of —2¢?/h in the transient
regime for a range of dissipation strengths 77 > 1/2 ps. The duration of the plateau where

the Hall conductivity is —2e?/h is longer for small dissipation strength, i.e. larger T}.

2.8. Characterization of resonant contributions in the
low- and high-frequency limit

So far we have mainly considered a driving regime that is inspired by the experiments in
[86]. In this regime one obtains a sizable gap at the Dirac point for experimentally feasible
conditions. We have seen that this also shows significant resonant contributions to the
Hall conductivity. In order to further characterize these resonant contributions we consider
different driving frequencies wy, at fixed driving-field strength Fy,. in Fig. 2.30. For larger
frequency the main contribution comes from the bare resonances, see Fig. 2.30(e). At low
driving field strength the bare resonances overlap significantly and hence are suppressed.
In this regime we observe a new resonance at the bare Rabi frequency eFEq,vp/wq,. We
give an intuitive explanation of the Rabi resonance by considering the motion of electrons
in momentum space. The circularly polarized field moves an electron with momentum k
on a circle with radius e Eq,vp /wg,. Hence electrons with momentum |k| > e Eq,vp/wg, do
encircle the Dirac point while electrons with |k| < e Eq,vp/wq, do not. The motion around

the Dirac point leads to an extra Berry phase of 7, which reflects itself in a sign change
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Figure 2.30 — Hall-conductivity dichroism for low- and high-frequency driving. Panel
(a) shows the total circular dichroism of the Hall conductivity. Panels (b)-(f) show
the momentum-resolved conductivity density for several different driving frequencies,
indicated by black squares in panel (a). Dashed circles denote the position of the
first three bare resonances 2vpk = nwqy, n = 1,2,3 and the solid circle denotes the
resonance at the Rabi frequency vpk = Qg = evpEqg,/(hwa,). For panels (b)-(f) we av-
erage the conductivity of opposite momentum modes. The corresponding values of the
driving frequency wgq,/(27) are 10 THz (b), 20 THz (c), 48 THz (d) and 100 THz (e).
Panel (f) shows the conductivity dichroism for the effective high-frequency Hamil-
tonian for E% = (hvpeEq,)?/(hwa:)® = 22.5meV. Inspired by Ref. [86] we choose
the following parameters for all panels: Fg, = 20MVm™!, T} = 100fs, T, = 20fs,
T, =25fs, T = 80K, =0 and E;, = 840V m~'. All observables are shown after a

steady state is achieved for a tanh-type ramp of the driving field strength.

of the conductivity at the resonance.

In the regime where the conductivity is dominated by the Rabi resonance we observe a
plateau of the conductivity at 2¢?/h. This may be a hint towards an underlying topological
origin. We note, however, that also in this regime the occupations of Floquet bands are
highly nonequilibrium and therefore we do not expect to see quantized response from the
Chern numbers of individual bands. Also we find that the observed value of 2¢?/h is not
robust with respect to changes in dissipation and the driving field strength.

Finally, we note that the experiments in Ref. [86] are in a regime where the bare Rabi
frequency has roughly the same magnitude as the first resonance and therefore the two

resonarnces overlap.
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Figure 2.31 — Comparison of the integrated Hall conductivity density for the 2x
2 and the 4x4 model for several different values of the timescale for the exchange
of particles with the back gate T, as indicated in the legend. We show the circular
dichroism of the conductivity density oy, integrated over all momenta smaller than
the threshold value |k,|. We use Eq, = 20MVm™, wq, = 27 - 48 THz, T} = 100fs,
Ty = 20fs, T = 80mK, E, = 8.4kVm~! and p = 0. All observables are shown after
a steady state is achieved for a tanh-type ramp of the driving field strength.

2.9. Comparison of the 2x2 and 4x4 model for zero

chemical potential

We note that a similar model for the dissipation has been used in Ref. [N5|. The key
difference to our model is that Ref. [N5| uses a model based on an effective 2x2 density
matrix for each momentum mode, while at the same time dropping the restriction that the
density matrix has unit trace. Instead the trace of the density matrix reflects the filling
fraction of each momentum mode. This introduces an effective coupling to the back gate
and we find that the results are qualitatively similar, see Fig. 2.31. The coupling strength
to the back gate can, however, not be tuned independently of 77 and T,. Here we use a
more rigorous approach that explicitly includes the empty and the doubly occupied mode
in the density matrix. As a result we obtain a 4x4 density matrix for each momentum
mode and explicitly introduce a third coupling strength 7}, for the exchange of particles
with the back gate. As we have seen in Sec. 3.4.1 jthis third coupling strength is crucial
in order to obtain quantitative agreement with experiments. While the comparison to
the experimental data showed that a value of T}, =~ 30 — 50fs we find that the effective
coupling of the 2x2 model is closer to T}, ~ 100 {s.

We also show a comparison of the effective 2x 2 and 4 x4 models at significantly weaker
dissipation in order to check how well the results we obtained within the 2x2 model in
Secs. 2.7.2 and 2.7.3 hold for the 4 x4 model, see Fig. 2.32. We see that finite back gate
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Figure 2.32 — Comparison of the integrated Hall conductivity dichroism for the
2x2 and the 4x4 model for low dissipation. We show the conductivity density oy
integrated over all momenta smaller than the threshold value |k, |. Panel (a) shows the
conductivity after a steady state has been achieved for a tanh-type ramp of the driving
field strength, while panel (b) shows the transient response. We use Eyq, = 30 MV m™!,
war = 27 - 200THz, Ty = 10ps, Ty = 2ps, T, = 4ps, T = 80mK, E, = 1.7kVm™!
and p = 0.

damping 7}, within the 4 x4 model significantly reduces the contribution of the Dirac

point. While the overall magnitude is reduced the conductivity in the transient regime is

still larger than the corresponding steady-state result.
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3. Detection of topological

Bloch-state defects in

ultracold-atom systems?!

As explained in the introduction geometric and topological properties are of major im-
portance for the properties of solids as well as for understanding the underlying principles
of fundamental physical phenomena. Ultracold-atom experiments can give deeper insight
into the underlying mechanisms of topology and geometry. It is therefore important to
develop tools that allow direct access to geometric properties such as Berry curvature and
winding numbers. In recent years ultracold atoms in optical lattices have emerged as a
versatile model system with tunable topological properties [38]. A range of methods has
been developed that allows access to topological and geometric properties such as Berry
curvature and winding numbers [84, 85, 117-123]. These methods are, however, either
inefficient for covering the full Brillouin zone, cannot resolve the position of the defects,
or only work in specific systems such as Floquet systems.

Here we present an alternative method for the detection of topological defects. The
method is applicable to an almost arbitrary two-band system?, i.e. a system with two
lattice sites per unit cell. It allows to map out the azimuthal phase profile of the pseudo-
spin texture for all momentum states simultaneously. The azimuthal phase is the relative
phase of the eigenstates on the two sublattices. The phase windings of this phase are
related to topological defects.

We apply our method to ultracold fermions on the hexagonal lattice, which is the lattice
structure for both boron nitride and graphene. The hexagonal lattice features topological
defects at the two inequivalent Dirac points. These defects are quantized vortices in the
azimuthal phase, see Fig. 3.1(a), and are responsible for the special electronic transport
properties of graphene, see [48, 50]. Our method is based on a time-of-flight image after a
periodic modulation of the lattice depth, see Fig. 3.2. We show in Sec. 3.1 that a time-of-

'Parts of this chapter have been published in Ref. [N1].
2Tt can also be applied to systems where the lowest two bands are well separated from the rest and
hence the system can be approximated by only two bands.
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Figure 3.1 — Comparison of the measurement and the theoretical prediction of the
azimuthal phase profile. (a) Expected azimuthal phase ¢ in momentum space. The
black hexagon marks the first Brillouin zone and solid blue and dashed red triangles
denote high-symmetry paths for later reference. (b) Experimentally obtained phase
Xk- The parameters are w = 27 - 5500Hz, J = h - 520Hz, Jy4 = h - 99Hz, Asp =
h - 6056 Hz, Jﬁi)l =0.3Jaa, J@ =0.18J and A(j% = 0.22 Aap. A similar version of
this figure has been published in Ref. [N1].

flight image for an unperturbed lattice already contains information about the azimuthal
phase for a lattice with two sites per unit cell. By adding the periodic lattice modulation
before the time-of-flight image we can disentangle this information from the remaining
dependencies on the properties of the lattice. We show in Sec. 3.3 that in this case the
time-of-flight density oscillates with the driving frequency for each point in momentum
space. The relative momentum-dependent phase of this oscillation is in the red-detuned

limit given by
Xk = Arg[cos(¢x) + iPxsin(dx)] (3.1)

where Arg(z) gives the argument of a complex number z and P is a distortion factor
given later in Eq. 3.20. For near-resonant driving P ~ 1 and the two phases ¢ and yi
agree. The experimental measurement for this case is shown in Fig. 3.1(b). It closely
resembles the azimuthal phase profile shown in Fig. 3.1(a). A quantitative comparison in
Fig. 3.3 shows that the experimental measurement of yy, the theoretical prediction for
xx and the azimuthal phase ¢y agree quantitatively. The data is shown along the high-
symmetry path that encircles the Dirac point once and indeed all three phases show the
correct phase winding of 2. The nonequivalent second Dirac point has the opposite phase
winding. The phase winding of £27 gives rise to a Berry phase of £7 when encircling
the respective Dirac point.

An application of our method is the measurement of the motion of topological defects
when changing the lattice properties. For example the Dirac points in graphene move

when changing the relative strength of the nearest-neighbor hopping parameters. In
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3.1. Time of flight images
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Figure 3.2 — Sketch of our method for measuring the azimuthal phase. We perform
a time-of-flight image after a periodic modulation of the lattice depth. The relative
phase of the time-of-flight density oscillation and the lattice-depth oscillation is closely

related to the azimuthal phase. A similar version of this figure has been published in

Ref. [N1].

Time

solid-state graphene minor changes of the nearest-neighbor hopping can be obtained by
twisting the lattice. In ultracold atoms tuning the relative intensity of the laser beams can
impose a significant imbalance of the nearest-neighbor hopping. For such a scenario the
Dirac points move in momentum space until they merge at the M-points of the lattice.
Our method has been used to measure this merging transition of the Dirac points in a
hexagonal lattice in Ref. [N1].

3.1. Time of flight images

In ultracold-atom experiments time-of-flight images give access to the momentum distri-
bution of the atoms in a lattice. The key idea is that atoms are released from the lattice
and freely expand. Except for gravity no forces act on the atoms. Hence, in the direc-
tions perpendicular to the gravitational force and for sufficiently long expansion times
the position of the atoms is solely determined by their initial momentum. For lattices
with a single lattice site per unit cell, time-of-flight images therefore show the momentum
distribution of the atoms. For lattices with several sites per unit cell, atoms originating
from the different sublattices will interfere. The resulting interference pattern does not

only contain information about the momentum distribution of the atoms but also about
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Figure 3.3 — Quantitative comparison of the measurement and the theoretical pre-
diction of the azimuthal phase profile along the high-symmetry paths, see Fig. 3.1(a).
We show the experimentally measured phase xyi, averaged over the three equivalent
paths of which only one is shown in Fig. 3.1(a), the theoretical prediction for yy, which
is based on a perturbative approach as described in Sec. 3.3, and the expected az-
imuthal phase ¢y. The experimentally measured yyx matches well with the theoretical
prediction, which we also find for other red-detuned driving frequencies. Furthermore,
for the chosen parameters, the difference between yy and ¢y is experimentally indis-
cernible. The parameters are the same as in Fig. 3.1. A similar version of this figure

has been published in Ref. [N1].

the relative phases of atoms on different sublattices. Here we will focus on the case of two

atoms per unit cell and will derive that the time-of-flight density is

n(r = htk/m) ~ Z<CL,CCk7D> :
CD

where 7 is the expansion time, m is the mass of the atoms, CLC (ck,c) creates (annihilates)
a particle with momentum k on the sublattice C' and the sum runs over all sublattices.
For completeness we note that there is a second, similar method giving access to the
momentum distribution in ultracold-atom systems. It is called band mapping and we will
use this technique in chapter 4. In both cases the atoms are released from the lattice and
expand freely. The key difference between band mapping and time-of-flight images is the
speed for switching off the lattice. For band mapping the lattice is switched off slowly. The
slow switch-off allows the eigenstates to adiabatically transform into the eigenstates of free
space. Therefore atoms occupying the individual bands of the lattice will be mapped onto
the corresponding Brillouin zones [146, 181-185|. For a time-of-flight image the lattice is
rapidly switched off instead. This leads to an interference pattern containing information
about the phases of atoms on different sublattices. As we will see this interference pattern

is periodically repeating with a Gaussian envelope.
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3.1. Time of flight images

We first consider a time-of-flight image with a single lattice site per unit cell in two
dimensions. The atoms localized at the individual lattice sites are well described by the
corresponding Wannier wave functions. We approximate the Wannier wave functions
by a Gaussian wave packet in two dimensions. By solving the Schrodinger equation in
free space we obtain the time dependence for the expansion of each individual Wannier

function

d r’
o) = ame P () (32)
A*(1) ~ d* +ith/(2m) (3.3)

where d is the initial width of the wave function. The density measured in a time-of-flight

experiment is then given by
n(r,7) =Y w(r =1, Tw(r — 1, 7){(che) (3.4)

where r,, are the positions of the lattice sites, ¢! (c,) creates (annihilates) an atom on site
n and the sum runs over all lattice sites. We use the so-called far-field approximation,
assuming that the cloud of atoms has expanded much further than all initial positions of
the atoms r > r,, and that the expansion time is much longer than the initial width of
the Wannier wave functions 271_7; > d?. Inserting Eq. 3.2 into Eq. 3.4, making the far-field

approximation and Fourier transforming to momentum space we obtain

d2 ]_ mdr\2 mr
n(r,7) = — N e () e’(k_?)(rm_r”)@zck) , (3.5)
2 [dt + (32)°] M%
where M is the total number of unit cells. Hence we identify k ~ 2% and up to a Wannier

envelope the time-of-flight signal indeed shows the momentum distribution of the atoms
n(r = hrk/m) = (c.ci)

Outside the first Brillouin zone the distribution repeats periodically except for the overall
manr 2
Gaussian envelope e~ ()

For a lattice with several sites per unit cell the expression for the time-of-flight density

is slightly altered

n(r,7) = Z w*(r —r, — d¢, T)w(r — r,, — 0p, T)<Ci,ccm,D> :
nmCD
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3. Detection of topological Bloch-state defects in ultracold-atom systems

where d¢ is the vector pointing from the origin of the unit cell® to the position of the
corresponding sublattice site C' within that unit cell. Again we employ the far-field limit

and obtain

2
d 1 Z e_(n’#r)26i(k_%)(rm+5D—rn—6c)<

_ T
= Ck,CCk7D>
2 [d4 + (%)Q] M nmkCD

Upon identification of k ~ mr /(A1) we obtain

n(r = hrk/m) = Y (c} caen) (3.6)

CD

We see that not only the occupations <chck7(;>, but also the correlations between different
lattice sites (chck p) for C'# D enter the time-of-flight expression.
As an example we consider an arbitrary lattice with two lattice sites per unit cell. We

use the same convenient notation as in Sec. 2.2.1, Eq. 2.12
hk = do]l + dk@O}C + dk7y0'y + dk,zgz
It is then convenient to write the vector d = (di 4, diy, dk,») in spherical coordinates

dy = Ry sin(fy) cos(oy)
dxy = Ry sin(6) sin(¢y)
dk,z = Rk COS(Qk)

Ry = \/ dy , + dy, +di.

The creation and annihilation operators diagonalizing H are then

et ) _ cos(fy/2) sin(fi/2)e <\ [cx.a (3.7)
Ck — —sin(fy/2)e?x  cos(f/2) Ck.B '
and Eq. 3.6 becomes
n(r = hrk/m) ~ Ax tnk+ + Ax _nx — + Re [Bk(cf(’+ck7_>] : (3.8)

where ng o = <CL,CCk,C> for C € {A, B,+,—}. The prefactors

Ak,:l: =1 =+ Ccos ¢k sin 0k (39)

3We can choose an arbitrary point as the origin of the unit cell, as long as we choose it consistent
among all unit cells.
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3.2. The hexagonal lattice: transition from graphene to boron-nitride

ex

Figure 3.4 — Sketch of the hexagonal lattice with unit vectors e, = (d,0)” and e,
and lattice constant d. Solid black lines show the hexagonal lattice of Wigner-Seitz
unit cells. The dashed blue parallelograms show an equivalent lattice spanned by e,
and e,. Both lattices contain two sites, A and B, per unit cell, which are connected

by the vector 1;. This figure has been published in the Supplemental Material to
Ref. [N1].

and By = cos(fx) cos(dk) + i sin(x) (3.10)

contain information about the azimuthal phase ¢, and the mixing phase 6y which, how-
ever, cannot be disentangled by a single measurement of the density. We will see that it
is possible to get access to the azimuthal phase by additionally applying a periodic lattice

modulation.

3.2. The hexagonal lattice: transition from graphene

to boron-nitride

Our goal for Secs. 3.2 and 3.3 is to detect the azimuthal phase ¢y of the eigenstates in a
hexagonal lattice by a lattice modulation. In this section we introduce the Hamiltonian

of the undriven system, its diagonalization and how we couple to the lattice modulation.

3.2.1. Undriven properties*

Here we use a slightly different tight-binding Hamiltonian than in Sec. 2.1.1 as we include

next-nearest-neighbor hopping and a potential offset between the A and the B sites

Hiniw = Hy + Ha

4Significant parts of this section have been published in the Supplemental Material to Ref. [N1]. The
corresponding section in the Supplemental Material to Ref. [N1] has mainly been written by the author
of this thesis.
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3. Detection of topological Bloch-state defects in ultracold-atom systems

Hy=-J Z CL@Cm,y + Jaa Z CL,ACva

(nz,my)n (nA,mA)pn

_ i T
Hp = Ayp/2 E CpACnA — Cy gCnB
n

where ¢, , annihilates a particle in the n-th unit cell at the sublattice site z = A, B and
obeys the anti-commutator {cf, ., ¢my} = damay for © = A, B. The Hamiltonian has two
contributions: the hopping part H; with nearest- and next-nearest-neighbor hopping J
and Jy4 and the potential-offset part Ha with A g being the energy offset between the
A and B sublattice sites. The next-nearest-neighbor hopping between the B sublattice
sites Jpp is negligible for Ayp < J. Finally, (nz, my), denotes the sum over nearest
neighbors and (nA4, mA),, the sum over next-nearest neighbors.

In the remaining part of this chapter we present the diagonalization of the Hamiltonian.
In a first step we block-diagonalize the Hamiltonian by introducing the quasi-momentum
operators cg , = \/LM >on e‘ik(“”w)cn,m. Here, 6, = 0 and 65 = 1, 1; is defined in Fig. 3.4
and M is the number of unit cells. With these definitions the Hamiltonian in momentum

space is

AAB/2+2JAAgk —Jf* Ck.A
H. . — E : T T k ;
" <ck’A Ck’B) ( —J fx —Aap/2 ’ (3:11)

k Ck,B

where

fk — e—ikh (1 + eikex + 6ik(egc-i-ey))
gx = (cos (ke,) + cos (ke,) + cos (k(e, +€,)))

and the basis vectors e, and e, are defined in Fig. 3.4. We now define

0y = 2 arccos [ [/ /i ]

Ve — Aap/2 — Jaagi)? + |J fi?
ex = V(Aap/2 + Jaagi)? + |J fil?

and ¢y is the complex phase of fi. Using these definitions the Hamiltonian in momentum

space can be rewritten as

cos(Oy) + J sin(fy)e ¥x c
Hupxe = €x (CL,A CLB) ( (Ox) AAGk (Ox) ) ( k,A> (3.12)

sin(Qk)ei‘z’k — COS(Qk) -+ JAAgk Ck,B

and is then diagonalized by the transformation defined in Eq. 3.7. The eigenenergies are
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3.2. The hexagonal lattice: transition from graphene to boron-nitride

(a) (b)

K
-0

I—Tl’

Figure 3.5 — Sketch of the graphene band structure (a) and the corresponding az-
imuthal phase profile (b).

E(k)

ky kX

kx

given by
By 1+ = Jaagr + ex

The Hamiltonian in Eq. 3.11 is a tight-binding model of a hexagonal lattice. For
graphene there is no imbalance between the A and the B sublattice and hence A g = 0.
The corresponding band structure is shown in Fig. 3.5(a). Boron nitride does have a
finite sublattice imbalance A, p > 0. This leads to a gapped band structure as shown in
Fig. 3.6(a). The sublattice imbalance can be tuned in ultracold-atom systems and hence
both cases can be realized. Note that for any sublattice imbalance the phase structure
of the azimuthal phase will be the same. This can be exemplarily seen by comparing
Figs. 3.5(b) and 3.6(b).

(a) (b)

Figure 3.6 — Sketch of the boron-nitride band structure (a) and the corresponding
azimuthal phase profile (b).
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3. Detection of topological Bloch-state defects in ultracold-atom systems

3.2.2. Applying a lattice modulation®

In addition to the initial Hamiltonian we now apply a periodic lattice modulation which

can be represented by making all tight-binding parameters time dependent

J = J+ J D sin(wt)
Jaa — Jaa + JIE‘C?‘ Sin(wt)
Aap — Ay + AEZJ)B SiH(UJt)

The lattice modulation is such that the lattice imbalance A g is modulated out of phase

with respect to the tunneling strengths J and J4 (A%)B < 0). We write the full Hamil-

tonian in the basis that diagonalizes the initial Hamiltonian

c
H = (cL+ CJI[(,‘) (Hinit + Ha) ( k’+> (3.13)

Ck,—
E 0
Hinit=< 15* . > (3.14)
k,—
@ p@
Hd:sin(wt)< AR : (3.15)
By EBY

For the Hamiltonian from Eq. 3.11 we obtain

(d)
JTD i + (242 + Jaagi) (342 + k)

d d
E = 1ot ’

)

(d)
IR+ TS0 = TDUfl (342 + Jaagi)

€k

EY

3.3. Time-of-flight expression for a periodic lattice

modulation in perturbation theory®

We have seen in Sec. 3.1 that a time-of-flight image for a lattice with two sites per unit cell
does already contain information about the azimuthal phase ¢y, see Eq. 3.8. This infor-
mation is, however, not directly accessible since there is an additional unknown phase 6y.

In order to disentangle this information we now apply a periodic lattice modulation. The

®This section has been published in the Supplemental Material to Ref. [N1]. The corresponding
section in the Supplemental Material to Ref. [N1] has mainly been written by the author of this thesis.

6Parts of this section have been published in the Supplemental Material to Ref. [N1]. The corre-
sponding section in the Supplemental Material to Ref. [N1] has mainly been written by the author of this
thesis.
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3.3. Time-of-flight expression for a periodic lattice modulation in perturbation theory

2
wt =0 wi =) 3 wi =) 3 wt =27 i
-
ky > .
- -
— 0
2
wt =0 wt = 27/3 wt = 47 /3 wt = 2 I
ky =T
- B
kX kx kx kX

Figure 3.7 — We sketch <CL+(t)Ck7_(t)> in the top row and Bk(ch7+(t)ck7_(t)> in the
bottom row as a function of momentum. The intensity of the color shows the am-
plitude and the color the phase of the oscillation. The amplitude of the oscillation
vanishes at the edge of the Brillouin zone. Hence white hexagons indicate the rep-
etition of the Brillouin zone. Different columns show different snapshots in time as
indicated in the panels. While (ch +(t)er,— (1)) oscillates in phase with the frequency
of the lattice modulation, the quantity By imprints the azimuthal phase onto that
oscillation.

idea is the following: we employ a periodic lattice modulation such that the correlation
(cLJr(t)ck,_(t)) obtains a periodic phase modulation, see top row in Fig. 3.7. The quantity
By in the coherence part of the unperturbed time-of-flight density, see Eq. 3.10, already
contains information about ¢y. In fact, the phase of By is closely related to ¢y. This
phase information is revealed by the periodic oscillation of <CL L(t)ex,—(t)) as is shown
in the bottom row of Fig. 3.7. For a more thorough derivation of this fact we employ
perturbation theory.

We assume that the corrections to the initial Hamiltonian are small and apply time-
dependent perturbation theory in the Heisenberg picture. For an uncorrelated initial
state, i.e. (CL +Ccx,—) = 0, we obtain to first order in the perturbation Hamiltonian for the

expectation values of the time evolved operators

(chr (ew(8)) = nic

(ck_(t)ew,— (1)) ~ ni
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3. Detection of topological Bloch-state defects in ultracold-atom systems

(s e (1) ~ —B_
e+ Ol - 4e2 — w?

[261( sin(wt) — iw cos(wt) + iwe%kt] (Nt —ni—) .7
We now replace the second-quantization operators in Eq. 3.8 by the corresponding time-

dependent operators and insert the results from perturbation theory. A short calculation
shows that

nTOF(k, t) = Neg,k — (STLk Sin((ﬂt + Xk) - 57~lk SiIl(QEkt + fk) X (316)
where
Xk = Arg[cos(dk) + i Py sin(¢x)] + Arg [Dy] (3.17)
Neq.k = Nk + + Nk — + sin(fx) cos(Pk) (nk + — nk—) (3.18)
dnx = Dk\/4ei cos?(0y) cos?(dy) + w? sin®(¢y) (3.19)
w
P = - -2
K7 2 cos(fx) (3:20)
2B
Dk = ﬁ(nk, — nk’Jr) (321)
S = | Fi (3.22)
i = Arg[Fy] (3.23)
Fy = —wDx [cos(0y) cos(¢y) + isin(gk)] . (3.24)

The above equations are valid for an almost arbitrary Hamiltonian® with two lattice sites
per unit cell that is diagonalized by Eq. 3.7. For any such Hamiltonian the measured
phase x; is closely related to the azimuthal phase ¢, and in particular the two phases
have the same winding number, see Fig. 3.8. We will explain the different driving regimes

in more detail in Sec. 3.4.2.

7All calculations in this section have been performed by the author of this thesis. Still we note that
these perturbation theory expressions have been obtained before as part of Ref. [186].

8While the equations presented in this chapter are valid for an almost arbitrary Hamiltonian, we note
that for the Hamiltonian from Eq. 3.13 a finite offset A 4 is always required. In this case we can compute
cos(fx) = (Aap/2 + Jaagk)/ex and therefore Py = w/ (Aap +2J449x). A finite offset is required, as
otherwise the next-nearest-neighbor hopping between the B-sites Jpp is equal to J44 and hence can not

(d)
k

be neglected. This leads to a modified driving Hamiltonian and the driving amplitude F, ’ vanishes.
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3.4. Comparison of experimental, numerical and perturbative results

—PB=1
-== Be=0.5

Figure 3.8 — Illustration of the relation of the measured phase xy and the azimuthal
phase ¢y. We plot the real and imaginary part of z = cos(¢y )+ Py sin(¢x) for several
values of Py as indicated in the legend. Each angle ¢y is represented by the complex
phase of the corresponding point on the P = 1 circle as shown by the gray shaded
region in the figure. The related angle yy is then obtained by choosing the point on
the circle with the appropriate P value that has the same value of Re(z). We see
that for each ¢y the vector cos(¢x) + i Py sin(¢y) remains in the same quadrant of the
complex plane for all P, and therefore the phase winding of ¢y is preserved in Y.
This figure has been published in the Supplemental Material to Ref. [N1].

3.4. Comparison of experimental, numerical and

perturbative results

3.4.1. Numerical simulation

For our numerical simulation we compute the exact time evolution for the creation and
annihilation operators according to the Heisenberg equations of motion. We then obtain
a numerical solution for the time-of-flight density in the far-field limit by inserting the
result into Eq. 3.8.

The Heisenberg equation for the creation and annihilation operators is given by

P ar()) _ (Ev Ei) [ac(t)
"\ (8) E, B-) \a_@t)]

where FE, = —% <Ek7+ + sin(wt)El(ji)
E_ = _7Z_”l <Ek7, + sin(wt)Ef?_)

E;, = —% sin(wt)El({d)
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k
Figure 3.9 — Comparison of band gap Ex — Fx_ = 2ex and driving frequencies

along the high-symmetry path indicated by the dashed red line in Fig. 3.1(a). Dashed
gray lines show the driving frequencies used in this section: w/(27) = 2500 Hz, 5500
Hz, 7500 Hz and 8500 Hz. We use J = h-520 Hz, Ja4 = h-99 Hz and A, = h-6056
Hz.

and the remaining quantities were defined in Sec. 3.2.2.

We introduce the time evolution matrix U(t)

G+ (t)\ _ Cie,+
() o)

solve for U(t) in the interaction picture and insert the results for ¢ 4 into Eq. 3.8 to

obtain numerical results for the time-of-flight density.

3.4.2. Driving regimes’

We have seen in Sec. 3.3 that the phase of the periodic oscillation of the time-of-flight
density xx is closely related to the azimuthal phase ¢y. In Fig. 3.3 we have shown the
ideal case of near-resonant red-detuned driving. In this case the two phases agree almost
perfectly. In other driving regimes the two phases are still related but not identical. Here
we show a more detailed discussion of the different driving regimes.

We assume that initially all atoms are in the lower band ny - = 1, nx 4 = 0 and recall

the relation between ¢ and xy from Eq. 3.17

Xk = Arg [cos(¢xk) + 1 Py sin(¢x)] + Arg [Dy] (3.25)

w
Po=—"2
K7 26y cos(by)

9Parts of this section have been published in the Supplemental Material to Ref. [N1]. The corre-
sponding section in the Supplemental Material to Ref. [N1] has mainly been written by the author of this
thesis.
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3.4. Comparison of experimental, numerical and perturbative results

2m T T T T

O experiment xk
—— theory xk

0 &S ] W] ] ]
M My I My I's Mz It Mp I, Mp I'3 Mz Iy

k k

Figure 3.10 — Comparison of the measurement, the theoretical prediction yy and the
expected azimuthal phase ¢y along the high-symmetry path indicated by the solid,
blue lines in Fig. 3.1(a). The parameters are J = h - 520 Hz, Ja4 = h - 99 Hz,
Aap = h-6056 Hz, J) = 0.3J44, J@ = 0.18J and A}, = 0.22A 4 for both panels.
Furthermore w = 27 - 2500 Hz in panel (a) and w = 27 - 8500 Hz in panel (b). The
different driving frequencies are indicated in Fig. 3.9.

2E1((dr)

Dy = 2k
4e2 — w?

(3.27)
For red-detuned driving w < 2¢y, then Dy > 0 and therefore Arg [Dy] = 0. This term is
therefore omitted in Eq. 3.1. The only difference between ¢y and Yy is now the distortion
for Px # 1. For the graphene lattice described in Sec. 3.2.1

Aap/2+ Jaagx
V(Aap/2 4 Jaagi)? + | fil?

cos(fy) =

In the experiment considered in Ref. [N1| A p > J and therefore cos(fy) ~ 1. In this
regime Px = 1 when the driving frequency is resonant (w = 2¢). We will see later,
however, that resonant driving frequencies are not ideal for other reasons. Therefore it
is ideal to consider near-resonant driving, where the distortion between ¢, and yy is
still small. We show an example for even smaller driving frequency in Fig. 3.10(a). The
experimentally measured yy still agrees with the theoretical prediction from perturbation
theory. One can, however, observe a significant distortion between ¢y and Y.

In order to avoid the resonant regime but still have good agreement between ¢ and
Xk it can be beneficial to use a slightly smaller value of Ayp such that cos(fx) < 1. In
this case the condition for Px = 1 occurs for driving frequencies below the resonance
w = 2e cos(fx) < 2ex. As we always have cos(fy) < 1 we identify the red-detuned regime
as the best regime for measuring the azimuthal phase.

Next we consider the blue-detuned limit. Now Dy < 0 and therefore Arg[Dy] = m,
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3. Detection of topological Bloch-state defects in ultracold-atom systems

o experiment xk — theory xk --- ¢k

Figure 3.11 — Comparison of the measurement, the theoretical prediction yy and the
expected azimuthal phase ¢y along the high-symmetry path indicated by the solid,
blue lines in Fig. 3.1(a). The parameters are w = 27 - 7000 Hz, J = h - 520 Hz,
Jaa = h-99 Hz, Ayp = h-6056 Hz, J\) = 0.3J44, J@ = 0.18J and AY), = 0.22A 455
for both panels. In panel (a) the phase xy is computed within perturbation theory as
explained in Sec. 3.3, while we show the full numerical result as explained in Sec. 3.4.1
for yx in panel (b).

meaning that the measured phase yy is shifted by m with respect to the azimuthal phase
¢x. We show an example of near-resonant blue-detuned driving in Fig. 3.10(b). The
agreement between ¢y, measured and experimental yy is again very good. In general there
are two caveats of blue-detuned driving. The first is that we always have cos(fy) < 1 and
therefore it can be impossible to achieve P, = 1 for blue-detuned driving in some cases.
The second is that coupling to higher bands can occur for blue-detuned driving. This is
likely the reason for the discrepancy between the experimental and theoretical curves in
Fig. 3.10(b).

Finally, we consider resonant driving. Along a chosen path in momentum space each
time the driving frequency becomes resonant with the band gap, the quantity Dy switches
sign and the measured phase yyx jumps by 7m. An example of this behavior is shown
in Fig. 3.11(a). For this case the agreement between the theoretical prediction from
perturbation theory and the experimental data is not perfect. This is because perturbation
theory breaks down in the resonant regime. A fit, obtained from our numerical calculations
and shown in Fig. 3.11(b), agrees with the experimental data.

In general it is important to note that for all cases, even for the resonant regime, the
phase winding of ¢y is always preserved in yy. Therefore any regime is sufficient to detect
the topological defects of the azimuthal phase ¢y. An illustration of this behavior based

on our perturbation theory results was given in Fig. 3.8.
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3.4. Comparison of experimental, numerical and perturbative results

3.4.3. Cross-check of experimental fitting routine

Here we explain the experimental fitting routine by applying it to data from our numerical
simulation. We find that except for the resonant regime fitting the phase with a single
fixed frequency reproduces the phase of the oscillation as predicted from perturbation
theory. Furthermore we find that higher-order effects become relevant for the modulation
amplitude of ~ 20% used in Ref. [N1|. While these effects may lead to dramatic changes
of the amplitude of the oscillation of the time-of-flight density, the modulation phase
remains consistent with perturbation theory.

For a cross-check of the experimental fitting routine, we apply the routine used in
Ref. [N1] to data from our numerical simulation, see Sec. 3.4.1. The time-of-flight density

nror(k) is fitted with a single-frequency sinusoidal oscillation
nror (K, t) = Neqx — Onksin(wt + xx) - (3.28)

Only the amplitude neq x and phase xx of the oscillation as well as a constant offset nq k
are used as fit parameters. The frequency of the oscillation is set to the driving frequency.

We compare the resulting fit to the full numerical solution and the corresponding per-
turbative result from Eq. 3.16. For the latter we neglect the second oscillation with
frequency 2¢x/h. The fit is based on a separation of frequency scales between the driving
frequency w and other frequencies which are dominated by the frequency of the band
gap 2¢ex/h. For red-detuned driving the oscillation with frequency 2ey/h is faster than w.
Therefore the time-of-flight density has extra 'wiggles’. This is shown in Fig. 3.12(a,b,e.f).
When fitting the oscillation over several cycles the extra 'wiggles’ average out and the fit
agrees with the perturbative result. For blue-detuned driving the extra oscillation with
frequency 2€x/h is slower than w, see Fig. 3.13. In this case it is important to fit over
several oscillation cycles of this extra slow oscillation. In that case it averages out and
again the fit is in good agreement with the perturbative results.

Panels (c¢) and (d) in Fig. 3.12 show the special case of 2¢x = 2hw. In this case the
oscillation from the fully numerical simulation does not match the perturbative prediction.
This illustrates that at the perturbation amplitude of roughly 20% additional higher-order
effects such as two-photon processes play a significant role already. We note, however,
that even in this regime the phase of the oscillation is captured by perturbation theory.

In the resonant regime, i.e. 2¢x = hw, see Fig. 3.14(a) and b, we see clear differences
between the fit to numerical and the perturbative results for both the amplitude and the
phase of the oscillation. As expected perturbation theory breaks down in this regime
and the phase of the fitted oscillation does no longer resemble the azimuthal phase. For

eigenfrequencies being 300 Hz away from resonance the phase of the oscillation is already
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roughly matched by perturbation theory again, see Fig. 3.14(c) and (d). Finally, Fig. 3.14
(e) and (f) show that for eigenfrequencies being 500 Hz away from resonance we obtain
good agreement between the fit to numerical and the perturbative oscillations.

In summary, we find that the fitting routine is based on a separation of frequency scales
and works well as long as the driving frequency is well separated from the eigenfrequencies

of the system.
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red-detuned driving
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Figure 3.12 — Comparison of perturbative (solid blue line), numerically exact (dotted
gray line) and a fit to the numerically exact (dashed red line) time-of-flight density.
The parameters for all panels are w = 27 - 3000 Hz, J = h - 520 Hz, Js4 = h - 99 Hz,
Aap = h-6056 Hz, JY) = 0.3J44, J@ = 0.187 and AY), = 0.22A 45. Panels (a) and
(b) show the oscillation at the I';- point, panels (c¢) and (d) at the M-point between
[y and T'y and panels (e) and (f) at the T's- point. The left and right column show
the short- and long-time behavior, respectively.
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blue-detuned driving
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Figure 3.13 — Comparison of perturbative (solid blue line), numerically exact (dotted
gray line) and a fit to the numerically exact (dashed red line) time-of-flight density.
The parameters for all panels are w = 27 - 9000 Hz, J = h - 520 Hz, Js4 = h - 99 Hz,
Aap = h-6056 Hz, JY) = 0.3J44, J@ = 0.187 and AY), = 0.22A 4. Panels (a) and
(b) show the oscillation at the I';- point, panels (c¢) and (d) at the M-point between
[y and Ty and panels (e) and (f) at the T's- point. The left and right column show
the short- and long-time behavior, respectively.
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3.4. Comparison of experimental, numerical and perturbative results

near-resonant red-detuned driving
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Figure 3.14 — Comparison of perturbative (solid blue line), numerically exact (dotted
gray line) and a fit to the numerically exact (dashed red line) time-of-flight density.
The parameters for all panels are w = 27 - 7000 Hz, J = h - 520 Hz, J44 = h - 99 Hz,
Aap = h-6056 Hz, J$) = 0.3J44, J@ = 0.187 and A} = 0.22A,45. All panels
show momenta on the line between I'y (k, = 0) and I'y (k,[27/a] = 1). Panels (a)
and (b) are close to resonance with k,[27/a] = 0.22 corresponding to 2¢, = 6900 Hz.
In panels (c) and (d) k,[27/a] = 0.25 and 2¢, = 6700 Hz, while and panels (e) and
(f) show k,[2m/a] = 0.3, corresponding to 2¢, = 6500 Hz. The left and right column
show the short- and long-time behavior, respectively. On resonance the amplitude of

the perturbative results diverges and is therefore scaled in panels (a) and (b).
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4. Ultracold atoms in higher bands:

the s—px—py—latticel

We consider a staggered square lattice. The key feature of this lattice is that the relative
depth AV of adjacent lattice sites can be tuned, thus forming an A- and a B-sublattice.
This allows to load the atoms in a regime where the A-sublattice is much deeper than
the B-sublattice and atoms only occupy the former, see AV < 0 in Fig. 4.1. A sudden
quench that exchanges the depth of the A- and B-sublattice excites the atoms into higher
bands [131-137|. In particular, it is possible to quench into a regime where p-orbitals on B-
sublattice sites have similar energy than s-orbitals on A-sublattice sites, see AV = 0.86 V
in Fig. 4.1. For sufficiently low initial temperature bosons condense at the two degenerate
minima at the X-points of the second band. Here the atoms form a chiral phase pattern
with alternating p-orbital chirality on B-sites [136], see AV, > 0 in Fig. 4.1.

We use classical field theory in order to model the excitation scheme and the subsequent
condensation and decay dynamics for bosons. Most notably we find in Sec. 4.2.5 that the
chiral condensate in the second band prescribes a metastable state that self-stabilizes
against relaxation to the first band. In fact, the chiral order of the condensate leads
to destructive interference of different decay channels and hence inhibits relaxation. We
identify four states connected by three different relaxation stages, see Fig. 4.2: immedi-
ately after the quench the atoms form an incoherent cloud in the second band (denoted
incoherent excited state in Fig. 4.2). In stage I coherence increases and the atoms con-
dense into a metastable state characterized by a chiral phase pattern (coherent metastable
state). During stage II the chiral phase pattern of the condensate inhibits relaxation due
to destructive interference. In fact, the condensate itself is a dark state showing per-
fect destructive interference and a pure condensate would be infinitely long-lived. Only
the thermal fraction of atoms decays. Decaying atoms gain a large amount of energy.
Eventually this lead to heating, a subsequent loss of coherence and hence, an increasingly
populated thermal excited state. This is the onset of stage III, which is characterized by
exponentially fast relaxation to the thermal ground state.

Within our model we identify the relevant decay mechanisms in Sec. 4.2.4. Close to

'Parts of this section have been published in Ref. [N3|
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Figure 4.1 — Sketch of the mechanism for loading atoms into higher bands. Thick blue
lines show the band structure as a function of potential imbalance AV. Away from
the band crossings each of the bands can be affiliated with one of the orbitals on either
A- or B-sublattice sites as indicated by labels s- and p-type. Bands corresponding to
orbitals on A-sites increase with increasing AV, while those corresponding to B-sites
decrease. The system is initialized at AV, < 0. Here A-sites are significantly deeper
than B-sites and only s-orbitals on A-sites are occupied. The first fast quench to
AVeq = 0.43 V) is performed across the first band crossing point where A- and B-sites
are equally deep (AV = 0). Afterwards a slow second quench to AV} is performed,
where AV} can take any value between AV; = 0 and AVy = 0.86 V. In the light-gray
boxes we show sketches of the depth of the A- and B-sites and for some cases sketches
of the corresponding condensate wave functions. For AV > 0 the phase pattern of
the condensate in the second band has staggered chirality on B-sites, indicated by
circular arrows. A similar version of this figures has been published in Ref. [N3].

the first band crossing at AV = 0, see Fig. 4.1, both sublattices have similar depth and
hence tunneling between the s-orbitals is the dominant decay channel. At the second band
crossing for AV = 0.86 V p-orbitals on the B-sublattice have significant occupation. Here
the dominant decay channel is interaction-induced. It is a scattering term where two p,-
or p,-orbital atoms collide and scatter into the s-orbital on the same site. We show that
the chiral phase pattern of the condensate leads to perfect destructive interference for
both decay mechanisms individually.

We also investigate the lifetime of the atoms in Sec. 4.2.4. We find that the atoms
decay fast close to the two band crossings at AV = 0 and AV = 0.86 Vy. In between
there is a competition of the two decay mechanisms. The longest lifetime is obtained
approximately half way in between the two band crossings. We show that the exact
position shifts slightly depending on temperature. These results are in good agreement
with experimental results from Refs. [131-137] and [N3].

So far we have considered a scenario where after the quench the atoms condense at

both of the X-points of the second band. The relative phase between the wave function
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Figure 4.2 — Snapshots of real-space occupations, obtained from a numerical simu-
lation, characterizing four states connected by three stages of relaxation (I),(II) and
(III). For all states the plots show the occupations of s-orbitals (circles) and p-orbitals
(dumbbells) for a snapshot of a single z-y-layer of our numerical simulation. Grey
color indicates vanishing occupation of orbitals, while other colors denote the phase
of the wave function. We show the idealized case of very low initial temperature
(T" = 0.5nK) that leads to nearly perfect phase coherence. This figure has been
published in Ref. [N3].

at the two X-points spontaneously chooses +i¢ or —i. When starting with a coherent
cloud before the quench and performing a Bloch oscillation transferring the atoms to one
of the X-points we can prepare a cloud of atoms at only one of the X-points of the lattice,
see Sec. 4.2.6. The subsequent dynamics features — for low enough initial temperature
— stable oscillation between the two X-points. Half-cycle in between reaching one of the
X-points the atoms alternate between the +i and —i superposition of the X-points. We
see several of these instanton-type flips between the two ground state condensate modes
until eventually the oscillations are damped and the atoms pick one of the two minima
spontaneously.

Finally, in Sec. 4.2.7 we also investigate different quench scenarios for optimizing to-

wards a most efficient loading procedure.
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Figure 4.3 - (a) Sketch of the s-p,-p,-lattice. In the desired lattice configuration the
s-band of one orbital is energetically close to the p-bands of neighboring orbitals. We
therefore show a sketch of s- and p-orbitals on the A and B sites, respectively. (b)
Lattice potential for V) = —7F,.. and 6 = 0.57.

4.1. Lattice structure and tight-binding Hamiltonian
for the s-p,-p,-lattice

Our goal for this section is to construct a tight-binding Hamiltonian for the lattice struc-
ture used in the experiments in [131-137|. Tight-binding Hamiltonians are an approach
to model the static and dynamic properties of atoms in a lattice. The idea is that, for
a sufficiently deep lattice, atoms are localized at individual lattice sites. Using a set of
such localized states we can write down a Hamiltonian consisting of hopping and interac-
tion terms between nearby lattice sites. The Hamiltonian is then fully determined by a
set of hopping and interaction strengths, called tight-binding parameters. Hopping terms
model the kinetic energy of the Hamiltonian. For well-localized states they are short range
and usually it is sufficient to consider nearest- and next-nearest-neighbor hopping terms.
Tight-binding Hamiltonians are of particular importance for systems with short-range
interactions. In that case the interaction terms of the tight-binding Hamiltonian can be
approximated by only on-site terms. One approach to construct a tight-binding Hamilto-
nian is to compute Wannier states and determine the tight-binding parameters from the
overlaps of these Wannier functions. Since the Wannier functions are not unique, neither
are the tight-binding parameters. The choice of Wannier functions then determines how
well the full Hamiltonian is approximated by the tight-binding Hamiltonian with only
nearby hopping and interaction terms. This approach has been discussed in more detail
in [N§].

Here we use a different approach to determine the tight-binding Hamiltonian. We
compute the band structure of the full lattice and construct a tight-binding Hamiltonian
comprising the noninteracting s- and p-orbitals on each lattice site. Then we adjust the

parameters of this Hamiltonian such that we obtain the best fit of the tight-binding band
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4.1. Lattice structure and tight-binding Hamiltonian for the s-p,-p,-lattice
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Figure 4.4 — Lattice potential for Vj = —7E,. and § = 0.357 in panel (a) and
6 = 0.53457 in panel (b).

structure to the Bloch-band structure. We do this both by considering symmetry points
of the lattice as well as by using numerical minimization routines.
We use the lattice potential from [131-137]

Vi(x' y') = —Vy/2[cos(2kpz’) + cos(2kry')]
— Vocos(0) [cos(kr (' + ) 4+ cos(kp(z' — o)) (4.1)

where Vj is the lattice depth and k; = 27 /A is the wave vector of the laser creating
the lattice potential. The experiments use 8’Rb atoms and a laser wave length of \; =
1064 nm, such that the recoil energy is Er.. = h*/ (2mA%) ~ 2h - kHz. The above lattice
potential is written in terms of the unit vectors €/, and e; shown in Fig. 4.3(a). These
vectors fulfill |e}| = |e}| = Ar. The angle ¢ can be tuned in experiment and determines
the relative depth of the two inequivalent lattice sites in each unit cell. In fact, we find
that the difference of the potential on A- and B-sites

AV =V, — Vg = —4Vj cos(0)

For 6 = 0.5 we have cos() = 0 and both sites have equal depth, see Fig. 4.3(b). Smaller
values of theta are used for loading the atoms into the lattice. The lattice potential for
0 = 0.35m (AV = —1.8V}) is shown in Fig. 4.4(a). In this regime, ground-state atoms are
occupying the lower-lying lattice sites almost entirely. Figure 4.4(b) shows the situation
for 0 = 0.53457 (AV = 0.43 V) where the p-orbitals of the deep lattice sites are similar in
energy to the s-orbitals of the shallow lattice sites. Finally, at # = 0.5697 (AV = 0.86 V)
p-orbitals of deep lattice sites are degenerate with s-orbitals on shallow lattice sites. The
ramp procedure explained in the introduction allows to load atoms into these excited
bands.

The unit cell spanned by e

/
z,y

equivalent. It is therefore convenient to use the lattice spanned by e, ,, see Fig. 4.3(a).

contains four lattice sites. Only two of these are not
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4. Ultracold atoms in higher bands: the s-p,-p,-lattice

Figure 4.5 — Reciprocal lattice vectors and corresponding first Brillouin zones for
the two choices of basis vectors e, , and €] ,. We mark some of the symmetry points
of the lattice in red.

The lattice potential in the new basis is
V(z,y) = —Vo/2[cos(kr(z + y)) + cos(kr(x —y))] — Vo cos(8) [cos(krx) + cos(kry)]

The band structure? of the system in Fig. 4.6 and its sketch in Fig. 4.1 give further
insight into the cross-over between the different lattices for different values of #. Initially
for 6 = 0.357 (AV = —1.8V;) both the s- and the p-orbitals of the deeper A-sites are
energetically lower than the s-orbitals on shallow B-sites. When increasing AV orbitals
on A-sublattice sites increase in energy while orbitals on B-sublattice sites decrease. The
first band crossing occurs at 0 = 0.4287 (AV = —0.9V)) when s-orbitals on B sites become
degenerate with p-orbitals on A-sites. Next at §# = 0.57 (AV = 0) both lattice sites are
equally deep and hence all orbitals have the same energy on A- and B-sublattice sites.
For increasing values of # the s-orbitals on now shallow A-sites approach the p-orbitals
on B-sites until they become resonant for 6 = 0.5697 (AV = 0.861%).

4.1.1. Tight-binding model

Here we present which of the possible tight-binding terms we include in our Hamiltonian.
Our goal is to find a set of parameters that gives a good approximation of the lowest four
bands of the Hamiltonian. In general we can split the tight-binding Hamiltonian into the

hopping or noninteracting part and the interaction part
H = Hnonfint + Hint . (42)

In the following paragraphs we will show which terms we include.

2For details on how to compute band structures see for example [N8].
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Figure 4.6 — Lowest 8 bands of the s-p,-p,-lattice as a function of AV at several
high-symmetry points of the lattice. Panel (a) shows the I', panel (b) the X, panel
(c) the M point and panel (d) the point half way between I" and M. The positions of
the symmetry points in the Brillouin zone are marked in Fig. 4.5. We show the bands
with opacity such that degenerate bands appear in a slightly darker blue.

Hopping terms for the lattice with 3 orbitals per unit cell

When loading atoms into the second, third and fourth band for 0 < AV < 0.86 V the

atoms are mainly occupying s-orbitals on A-sites and p,- and p,-orbitals on B-sites. In

this regime it is a good approximation to consider only these orbitals. We therefore make

the following Ansatz for the tight-binding Hamiltonian, for a sketch of hopping parameters

see Fig. 4.7,

Hnon—int

where H,, =

H

H

SPy

H

PzPx

H

Spz —

-y

Hss + Hspx +

_Jss

R;,cARj=%e;, ey

2.

SPy

H + prpz + prpy + prpy

bi,Ri+R]'b57Ri + Z ‘/Sbl,RibS»Ri
R,€A

> Tl goer e+ T Vg o pber, b

R;eB

R;eB

=—Jja

PyPy

— iy

D

T T
_JSPybs,Ri+e’y/2bvai + JSPfybs,Rife’ybvai + h.c.

bL,RrFijzaRi + ‘/z Z bl,Ribx:Ri

R;€BR,;=+e,,te, R;€B

>

T T

RiGB,Rj::‘:em,:l:ey R;eB
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4. Ultracold atoms in higher bands: the s-p,-p,-lattice

Figure 4.7 — Sketch of all hopping parameters used for the 3-orbital tight-binding
model.

szpy = JJ— Z bLRiJerby,Ri + h.c.

R;€B,R;=+e,

—siJi > big.pbur Fhe . (4.9)

R;€B,R;=+e,

T
S:%Z%Rz‘

py-orbital, respectively. Note that s; has been introduced for later convenience in order

The operator b (bs,zyR,) creates (annihilates) an atom on the site R; in the s- p,- or

to introduce an imbalance between J, along e, and e, and for now we choose s; = 1.

In later sections we will also need the tight-binding Hamiltonian into momentum space,

which we obtain by applying the Fourier transformation
by — e S ekRip,
T /N k
1 )
bk = = e_Zk.RibRi )
D
where the sum over k runs over all momenta in the first Brillouin zone — the one spanned

by k,, — and the sum over R; runs over all A-sublattice sites for s-orbitals and all B-

sublattice sites for p-orbitals. N is the total number of unit cells. This leads to

H:ZHk
k
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4.1. Lattice structure and tight-binding Hamiltonian for the s-p,-p,-lattice

Figure 4.8 — Sketch of the lattice with the additional hopping parameters introduced
for the s-orbitals on the A-sites. Red circles denote these s-orbitals.

and
S
EIS(S €f<pz Ekpy bs,k
_ T T T SPg * Px pp
Hy = <bs,k bx,k by,k €k €k fk bz x

Spy * pp y
€k €k 6111

e = —2J,s(cos(kza) + cos(kya)) + Vi

by,k

kztky katky
SPpx __ —1——5%a 1—=>a
El( - sze 2 + Jsp—xe 2

kg —ky kg —ky
Spy =5 —a —1 a
e = —Jgp,e + Jsp_, €

e = —2J 4 [cos(kya) + cos(kya)] + V,
ey = —2J),y [cos(kza) + cos(kya)] + V,

e = 2J | (cos(kya) — s, cos(kya))

Hopping terms for the lattice with 4 orbitals per unit cell

When loading the atoms into the lattice at AV = —1.82 V| all atoms occupy the s-orbitals
on A-sites, which we label by §'. It is therefore important to include these orbitals in our
simulations. As a result we need to include additional hopping terms in the Hamiltonian,
which are sketched in Fig. 4.8. As an Ansatz for the tight-binding Hamiltonian we now
use

Hnon—int = HSS + HSPQ: + HSPy + prpx + prpy + prpy + Hgs + ngw + Hsdpy (410)
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where H,, = —J,, > bl g, im bsm, + Ve Y bl ber,
R,EA, Rj::tex,:tey R,€A
- J;S Z bl,Ri-‘er bszi + ‘/S/ Z bl,RibSaRi (411)
RiEB,Rj::tem,:l:ey R;eB
d _ d T
Hss - _Jss Z bs,R¢+ijszi (412>

Ri, Rj::tegc,:te/y

ngz = Z Jgpm (bZ,Rifey + bi,Rifez - bi,Ri+ey - bi,RiJrez) bLRi + h.c. (413)
R;eB

e, = 30 Tk (B e, + Vlrse, — Ve, — Ulmie, ) bume B (414)
R;€B

and the remaining parts of the Hamiltonian have been defined in Eqs. 4.3-4.9. The

corresponding Hamiltonian in momentum space is

s Sp SPy sd
&(Jss, V) &7 & € bs x
SPx* Pz pp spzd
€ € € b
— [t T i T k k k k .k
He = {beye baxe bysc b Py pp Py spyd J
€ € € € b
k k k k y.k
sd sped* spyd* s 7/ /
6k 6k 6k 6k(Jss’ Vs ) bS/,k

(4.15)

where

e (J, V) = —2J [cos(kya) + cos(kya)] +V
e = —2J% [cos((ks + ky)a/2) + cos((ks — k,)a/2)]
Pt — 2iJ¢, [sin(k,a) + sin(kya)]
by [sin(kya) — sin(k,a)]
Diagonalizing the above Hamiltonian gives the tight-binding band structure. We can
then compare the tight-binding band structure with the Bloch band-structure, shown in
Fig. 4.6, in order to determine the tight-binding parameters. Before discussing the details

of this procedure we present the interaction terms that we include in the Hamiltonian.

Interaction terms

So far we have only considered the hopping part of the tight-binding Hamiltonian. Here
we will show which type of interaction terms we need to consider. Since the interaction in
the experiments in [131-137] is sufficiently short range we only consider on-site interaction
terms. Near the bottom of a lattice site the lattice potential resembles a harmonic trap. It

is therefore often sufficient to use harmonic-oscillator wave functions for the determination
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of interaction strengths. This is also the approach we take here.
The one-dimensional harmonic-oscillator wave function can be given in terms of the

Hermite polynomials H,(x) as

Up(x) = e_%(z/m)an(a:/xo) ,

1
2nly/rz
where zy = \/W is the harmonic-oscillator wave length, m is the mass of the atoms
and w is the harmonic-oscillator frequency. The index n labels the subsequent solutions
of the harmonic oscillator. The lowest eigenstate n = 0, due to its symmetry, corresponds
to an s-orbital. The first excited state n = 1, which has one node in its wave function, is
reminiscent of a p-orbital. The two-dimensional generalization of the harmonic oscillator

is obtained from a product ansatz

Yn=(i5) (z,y) = () -%(y)

The weight of the possible interaction terms for the tight-binding Hamiltonian is deter-

mined from the overlap of the corresponding harmonic-oscillator wave functions

Uijnm = UO // diL‘ dy W (*1'7 y)iﬁ:(% Z/)wn(l’, y)wm(xa y)bjbjbnbm

For our tight-binding model we are only interested in s-, p,- and p,-orbitals. By calculating

the corresponding integrals we see that the only nonzero interaction terms are

Ussss = 2U;0 bibib,b,
Usees = 27 gralhitibed, —— 21
= L s 2b;b;b b we= L s
Usews = 0 o s = 0 2 s bbb
Uyyss = % Qa2 Yy Ussyy = % mbiblbyby
and
Usyye + Uyeay + Usyay + Uyeye = QUO%bTb bib,

Ui
stsx _'_ stms + U.’ES]?S + Us:csx = 2 2 0 bTb bTb

T
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Uyssy + Usys + Uysys + Usysy =2 )
where we use the shorthand notation s = (0,0), x = (1,0) and y = (0,1). We can
therefore introduce interaction strengths for A- and B-sites of our tight-binding model

U4 and Up and write the interaction part of the tight-binding Hamiltonian as

Hiny = stR s,R; SRbSR+_Zb5R s,R; sRibs,Ri
R;€A R;eB
3 Up
o [bleLszszRer B byribyr }
R;eB
U 1U
5D bbb 7 5 D [bLRibLRiby,Riby,Ri + h.c.}
R;,eB R;eB
1 Up
2 2 |:bi‘,Ribi‘7Ribs,RibS,Ri + b;,Rib;RibszibS,Ri + hC:|
R;eB
U
+2 73 > (0 g ber, + b g byr )b R DR, (4.16)
R;eB

4.1.2. Determining tight-binding parameters
Hopping terms

In principle we could now proceed and directly use a numerical minimization routine
in order to minimize the difference between the Bloch band structure and the tight-
binding band structure at each point in momentum space. We can assume the lat-
tice to be symmetric with respect to the z- and y-direction and hence assume that
Tope = Jop, = Jop_y = Jop_y = Ty Jja = Sy =2 I Iy, = TG, =1 TG and Vo =V, =1V,
Even with these approximations the tight-binding Hamiltonian has 7 hopping parameters
and 3 on-site potentials that need to be determined. Adjusting all by using a minimiza-
tion routine is numerically quite challenging. Additionally we are interested in a scenario
where the atoms are condensed at one of the symmetry points of the lattice. Hence, the
band structure close to the symmetry points is of particular importance. Here we therefore
take a different approach for determining the tight-binding parameters. We analytically
compute the tight-binding bands at certain symmetry points of the Brillouin zone, identify
the Bloch bands with the corresponding tight-binding bands and use the resulting equa-
tions to obtain analytical expressions for the tight-binding parameters. This approach
works well for most of the tight-binding parameters. We determine the remaining set of
parameters with a Monte-Carlo minimization routine.

First we need analytical expressions for the energies of tight-binding orbitals at certain
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4.1. Lattice structure and tight-binding Hamiltonian for the s-p,-p,-lattice

symmetry points. We start with considering the tight-binding Hamiltonian at the I'-point,

i.e. k; =k, = 0. In this case

T
b 4 + Vi 0 0 —4.J4 bsx
H. = b\ 0 —4J)+V, 0 0 Do
b 0 0 —4Jy+V, 0 byx
bl —4J2, 0 0 4+ V) \bu

and the set of eigenvalues is

EI()F) =V, —4J; (two-fold degenerate) (4.17)
[ —4 ss — 4 ’ [V’S _‘/s/_4<<]ss - Jés)]2+64<]gs
El). = Ll 2J Jes \/ 5 (4.18)

At the X-points, e.g. k, = 7/a, k, = 0, we have

b Ve  2iJ, —2iJy, 0\ [ b

He - b\ —2iJy, V,  —4J. 0 || bex

b 2iJg, —4J.  V, 0 || by

bi/7k 0 0 0 ‘/5, bs’,k

and the set of eigenvalues is
EG) =V, —4J, (4.19)
o Vy = 4J1+ (4]0 + (V, = V2)* + 322, o
Vp = 4Jy = /(4 + (V, = Va)* + 322

EX) = 5 (4.22)

At the M-points, e.g. k, = k, = m/a, we have

e\ (A +Ve 0 0 0 o
Hy, = b 0 41y +V, 0 0 bex
b 0 0 4J+V, 0 by
b, i 0 0 0 47+ V! ] \byx
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and the set of eigenvalues is

EI(,M) =V, +4J; (two-fold degenerate) (4.23)
EM =V, 4 4J, (4.24)
EM =V y4J, . (4.25)

Finally, half way in between I and M, e.g. k, = k, = 7/(2a), we have

T

b V.,  2J, 0 —2JL\ [bex
Hony — b —2iJy,  V, 0 4idy || bex
bl 0 0o V, 0 byx
b, —2J4  —4iJ, 0 V! by x

Here one eigenvalue is obviously V},, while the others are not easily solved analytically.

We can use the above equations in order to express the tight-binding parameters in
terms of energies of tight-binding bands at symmetry points. The energies of tight-binding
bands are in turn set equal to those of the Bloch bands. In this process it is important
to correctly associate the tight-binding bands with the corresponding Bloch bands. Away
from the band crossings each of the tight-binding bands is predominantly occupying a
single orbital and hence its energy scales with the potential offset of the corresponding
orbital. We have already chosen our naming convention above accordingly, e.g. E, o< V},.
One case is slightly more involved, because the scaling of ES(E,) , depends on whether Vj
or V! is larger. We can expect V; < V! while the s-lattice site is lower in energy than the
s'-lattice site, i.e. for # < 0.57, and V; > V! otherwise. Therefore

Eg,)_ for 0 < 0.57

E® =
Eg,)+ for 0 > 0.57
20 Eg,)+ for 0 < 0.5

Eg,)f for 8 > 0.57

We can now turn to identifying the energies of Bloch bands with the corresponding
energies of tight-binding bands. We identify the tight-binding band associated with the
orbital with the lowest energy with the lowest Bloch band and proceed in the same way

for higher Bloch bands. In this process it helps to keep Fig. 4.1 in mind. We obtain

o EPCM for g < 057
T EPEN for 057 < 6 < 0.5697
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E (Bloch) for f < 0.4287
Ey = BN for 0.4287 < 0 < 0.57
EBN for 057 < 0 < 0.5697

EéBlOCh) for 6 < 0.428w

E p—
EPM for 0.4287 < 6 < 0.569

P

Note that due to the degeneracy of the p-bands we only identify the lower of the two
corresponding Bloch bands. For the p-orbitals an extra subtlety arises. In our model
we only include p-orbitals on B-sites, but not the ones on A-sites. For # < 0.57 the
p-orbitals on A-sites are, however, energetically lower than the p-orbitals on B-sites. The
identification above makes the seemingly wrong identification with p-orbitals on A-sites
for # < 0.5m. This ensures that the tight-binding band structure recovers the lowest
four Bloch bands and is therefore the more natural choice. Also we do not expect that
this choice is important for the results of our numerical simulation since neither of the
p-orbitals obtain significant occupations for 6 < 0.57.

Finally, we are ready to actually compute the tight-binding parameters. We use the
p-type bands at the I'- and M-points to obtain

By + B

(X

We could now in principle compute J, from Ej 0

). Tt also enters in B! , however, and we

therefore obtain better results by fixing this parameter in the Monte-Carlo minimization.

We further assume that we know the parameters for V!, J;, and J¢, which we will also

sp?
fix with the Monte-Carlo minimization. We can then identify

Jl _ Ey _ VSI

ss 4

v BUA B - (-4 + B
o 2

PO

8s T 4
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Figure 4.9 — Tight-binding parameters as a function of 0 for Vy = TE.e, \f =
1064 nm and the rubidium mass m = 87m,,. All parameters are given in units of E...

i —ngd for j¢4 >0
- 0 else

2
where jgs = (ELEF) - EiF)) - [(‘/s - 4Jss) - (‘/s’ - 4‘];3)]2

The case distinction for J% is included to improve numeric convergence of the Monte-Carlo
minimization.

Finally, we use the above set of equations in order to implement a Monte-Carlo mini-
mization for V/, Jg,, J& and J.. In each Monte-Carlo step we choose values for V/, J,p,
pr and J; . Then we determine the remaining parameters from the symmetry-point equa-
tions above and compare the resulting tight-binding band structure to the Bloch band
structure. Afterwards we choose the set of V], Jy,, J& and J, for the next step according
to the Monte-Carlo procedure explained in more detail in App. A.1. We find that the
results of the Monte-Carlo procedure are improved by enforcing Jy, > 0, Jsdp < 0 and
Jp <0.

We note that it might seem intuitive to choose V. = Es(,X) We have checked that this
leads to a sudden jump of Vy at 6 = 0.4287 and rather unphysical results for V; and
Vi for 0 < 0.4287. As the s’-orbitals are the highest for these values of 0 it is therefore
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4.1. Lattice structure and tight-binding Hamiltonian for the s-p,-p,-lattice
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Figure 4.10 — Comparison of tight-binding and Bloch band structure as a function of
6 for several high-symmetry points of the lattice. We show the Bloch band structure
(wide gray lines) as well as the tight-binding band structure (narrow blue lines) for
the Hamiltonian from Eq. 4.15. The tight-binding parameters are the ones giving the
best fit to the Bloch bands. Their values are shown in Fig. 4.9. Panel (a) shows the
-, panel (b) the X-, panel (¢) the M-point and panel (d) the point half way between
I' and M. The positions of the symmetry points in the Brillouin zone are marked in
Fig. 4.5.

beneficial to relax the condition V] = ELX) and instead include V! in the minimization
routine.

With this procedure we obtain the set of hopping parameters shown in Fig. 4.9. Here
we use the parameters Vy = 7FEy, A = 1064nm and m = 87m,, which are inspired by
the experiments in Refs. [131-137|. This is also the set we use for all our calculations in
sections 4.2 and 4.3. It leads to almost perfect agreement of the tight-binding and Bloch
band structures for the lowest two bands, see Fig. 4.10. For the third and fourth band
there are slight deviations in particular close to the X-points. The largest deviations are,

however, in a regime of 6, where these bands are unoccupied during our simulations.

Interaction terms

So far we have adjusted the hopping parameters to match the noninteracting Bloch band

structure. Now we will determine the prefactors U4 and Ug for the interaction part of
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4. Ultracold atoms in higher bands: the s-p,-p,-lattice

the Hamiltonian given in Eq. 4.16. In the experiments in Refs. [131-137] each lattice sites
consists of a 1-d elongated tube. Our first goal is to compute the 1-d-interaction strength
for each of these tubes. To do so we make the harmonic approximation at the bottom of
the lattice potential, see Eq. 4.1, and use the corresponding harmonic-oscillator length in
order to estimate the 1-d-interaction strength. Near the two inequivalent minima of the

lattice potential, it can be approximated as
Veo(a',y') = const. + Vok? [1 + o¢ cos(0)] (22 +2)

where 04 = 1 and o = —1. By comparing to the harmonic-oscillator potential V(x,y) =

smw? (2 4+ y°) we can identify

\/21/016%(1 + oc cos(0))
Wo = m

h AL 1
T — _ 2L
e \/\/QVOm(l +occos()) 27 {/Vo/Erec(1 + 0c cos(0))

The 1-d interaction strength is then given by (see e.g. [187])

2
g 2N Qscattering
1d,C —

ma:ac
where agcattering 18 the 3-d scattering length.

In ultracold-atom experiments one often speaks of two-dimensional experiments. Of
cause we are living in a three-dimensional world and there can not be truly two-dimensional
experiments. What is meant instead is that the confinement in the third (in our case z-)
direction is strong enough that only the lowest harmonic-oscillator state is occupied. In

that case we could approximate

Uec = g1d,c/d2 [o(2)|*

where 1y(2) is the ground-state wave function of the harmonic oscillator.

In our case this approximation is not valid. In fact, the contrary is the case. The
experiments in [131-137] have a rather shallow trap in the z-direction. Additionally we
excite atoms into higher bands and thereby insert a large amount of energy into the
system. Atoms falling back to the lowest band can thereby obtain energies of several
E.cc, which will also be shared with the degrees of freedom in the z-direction. This is
actually beneficial for loading atoms into higher bands since the degrees of freedom in the

z-direction act as a bath leading to thermalization of the atoms. We estimate that during
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4.1. Lattice structure and tight-binding Hamiltonian for the s-p,-p,-lattice

our simulations more than 10 harmonic-oscillator states can be excited in the z-direction.

Discretizing the z-direction

We therefore take a different approach for our numerical simulations. We artificially
discretize the z-direction. In other words we assume to have a shallow lattice in the
z-direction. This allows us to identify individual lattice sites and define hopping and
interaction strengths between these sites. The lattice constant of this virtual lattice
is called discretization length d.. For this approach we need to estimate the effective
occupation neg, hopping constant J, and interaction strength U.g for the virtual lattice
model.

First we obtain an estimate for the density of the cloud in the center of the trap
for a given total number of atoms in the trap. To this end we use the Thomas-Fermi

approximation (see e.g. [187])

n(z) = (u—V(2))/g1a
Vi(z) = %mw?zQ

For a given chemical potential the edge of the atomic cloud is at

2
mw?

Zmax

For a fixed number of atoms in each 1-d-tube Ny we can obtain an expression for the

chemical potential by integrating the density over the whole tube

_ 1 i/gmwgg%deube
=3 4

Finally, within the mean-field approximation, the density in the center of the cloud is

n(()) _ i _ 1 3 9mw§Nt2ube
gia 2 4414

Then the effective density and interaction strength in the center of the trap are

given by

Ner = n(O)dZ Ueﬂ - gld/dz

such that the mean-field interaction energy agrees: Usgneg = ¢14n(0). Finally, we get
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(a) d.
~ o 0 0 0 0 0
S - _ - -
x -
periodic

Figure 4.11 — Sketch of the lattice potential in the experiment (dashed blue line)
and in our simulations (solid black line). We show two different implementations in
panels (a) and (b). Dashed vertical lines indicate the artificial discretization with
discretization length d, that we use in our simulations.

an estimate for the hopping constant by comparing the dispersion relation of the tight-

binding lattice model to the dispersion relation of free particles®

1 21.2
—2J, cos(kd,) =~ —2J, (1 _ §k2d§) i hk iy

2m
We can therefore identify

h?
a 2md?

When discretizing the trap in the z-direction it is important to choose the discretization
length small enough such that quantum and thermal fluctuation within each site can be
neglected. As an estimate we can compare the discretization length to the healing length

of the condensate (see e.g. [187])

B2
<= 2mg1an(0)
and the thermal de-Broglie wavelength
27h?
Ay =y —
kaT

For the experiments in [131-137] we have

3Since the harmonic trap in the z-direction is shallow its dispersion relation can be approximated by
the free-particle dispersion.
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param value
AL 1064nm
J 2h-kHz
Qscattering Snm
W, 2w - T9Hz
Vo 7Erec

such that for 300 atoms per tube and # = 0.357 we obtain a size of the cloud of 2z, ~
20m. At the same time we obtain £ ~ 0.15 ym and the thermal de-Broglie wavelength
at temperature T' = 48 nK is Ay = 0.85 pum. Hence in order to model the full system we
would have to use a total number of 200 sites with a discretization length of d, = 0.1 um.
Modeling such a large number of sites, while at the same time including a sufficient number
of lattice sites in the x- and y- direction is numerically challenging. We take two different
approaches to avoid this problem. In the first approach we model only the dynamics in
the center of the trap by using a box potential with periodic boundary conditions. The
density is then chosen such that it matches the density in the center of the experimental
harmonic trap, see Fig. 4.11(a). The second approach uses a steeper harmonic trap, such
that we can match the density of the experimental and theoretical system in the center
of the cloud. The steeper trap ensures that we reach zero density at the edge of the cloud
with a sufficiently small number of lattice sites, see Fig. 4.11(b).

Unless stated otherwise we use for our numerical simulations in Sec. 4.2 a discretization

length of d, = 0.13 pm, implying J, = 1.7 E,e, 300 atoms per tube and

AVIV] | 910,414(0)[Erec] | Ner,a | Ueti,a[Evec) | Uett,B[ Erec)

—1.8 1.405 2.9 0.491 0.301

—-0.9 1.327 2.9 0.450 0.359
0 1.240 3.0 0.407 0.407
0.43 1.194 3.1 0.384 0.428
0.86 1.144 3.2 0.361 0.449

We only give the occupations on A-sites since these are the only occupied sites when we
initialize the system at AV = —1.8V,.

Finally, we note that discretizing the z-direction changes the dispersion relation from
quadratic to a cos-type dispersion relation. While this is a good approximation near the
bottom of the band it is certainly not true any more for larger momenta. As an estimate

of the validity we here give the bandwidth of the cos-type dispersion relation

Ae =4J, =~ 6.8 E e
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4. Ultracold atoms in higher bands: the s-p,-p,-lattice

for d, = 0.13pm. A slightly better approximation can be obtained by using the Bogoli-

Ueffneff
AFE =4 1
AT

For the parameters above we obtain AE = 7.7 E,.., while for the same parameters but d, =
0.3pum we obtain AF = 2.1 E,.. and for d, = 1pm AE = 0.5E,... The distance between

the first and second band, see Fig. 4.6, can be up to 5 E,... Therefore a discretization

ubov energies

length of d, = 0.3 1m is already too large.

4.2. Dynamics of atoms in excited bands

Loading atoms into the excited bands of an optical lattice gives rise to intriguing dynamics.
In order to model these dynamics we use classical field theory. This method has been
widely applied in ultracold-atom systems, for reviews see [188-193]. The main idea is
that, in the limit of high occupation of individual quantum modes, the matter-wave field
of each quantum-mechanical mode behaves like a classical field. In other words the integer
mode occupations can be replaced by continuous complex numbers. The full quantum-
mechanical time evolution can then be approximated by effective equations for the classical
field.

We derive the equations of motion for bosons in the s-p,-p,-lattice within classical field
theory. This allows us to compute the time evolution for arbitrary changes of the tight-
binding parameters. We use the equations of motion to model the process of loading
atoms into excited bands of the s-p,-p,-lattice and study the subsequent dynamics. For
low enough initial temperature the atoms condense in the upper band, forming a chiral
condensate with equal occupation on the two nonequivalent X-points of the lattice. On
longer time scales the atoms decay back to the lowest band. We find that the coherence
of the atoms inhibits decay and hence represents a self-stabilization mechanism of the
condensate. We identify the underlying decay mechanisms and show that the origin of
the self-stabilization is destructive interference of the respective decay channels. We also
prepare the atoms in just one of the two X-points of the upper band and find coherent
instanton-type oscillations between the two degenerate many-body ground states, i.e. the
chiral condensates |=4). Finally, we investigate different schemes for preparing the atoms

in the upper band.

118



4.2. Dynamics of atoms in excited bands

4.2.1. Theory background: classical field theory

Here we give a brief introduction to classical field theory with a strong focus on the
methods used in this thesis for describing the dynamics of atoms in higher bands. For a
more detailed description of classical field theory we refer the reader to the excellent and

extensive set of reviews on classical field theory [188-193].

PGPE-theory

For the projected Gross-Pitaevskii equation (PGPE) one considers the modes that are
described by classical field equations to be strictly separated from the environment, hence
the modes are described by a micro-canonical ensemble.

For our calculations we use the Hamiltonian from Eqs. 4.2,4.10 and 4.16 and solve the

Heisenberg equations of motion for the annihilation operators

a,

= H — pblb;, b

Here we include a chemical potential p that is adjusted such that the desired particle
number is reached. In these equations we replace the annihilation operators by complex
numbers and solve the resulting ordinary differential equations (ODEs) for by g, R; € A
and b r,, by r, and by r, R; € B. Each of the ODEs consists of a sum of terms, where
each term arises from one of the hopping or interaction terms of the Hamiltonian. Here
we exemplarily give some of the resulting terms. The full set of equations is given in

App. A.2.1. For example the terms corresponding to Hy,, are

dbs R, ‘ ‘

d;fRz = ...+ ZJprbI,Ri*eé/Z — ZJSp—sz,Ri+e{E/2 + ... (426)
db, R,
d—%RZ - -+ ZJsprS R;+e,/2 — Jsp Ibs R,—e//2 + ... ’ (427)

while the equations for the interaction term

Z bx R, be.r,b y R, bR, (4.28)
R;eB
are
db, R, U,
L R - (4.29)
db, r. iU,
—S%R’ = ... — TBbe bx R, byR . (430>
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Initial state

For the initial state of the system we need to determine the set of complex numbers,
where each of them corresponds to one of the annihilation operators b; = by, .y r,- We
start from an empty lattice b; = 0 and then vary all b; according to a Monte-Carlo
minimization procedure described in more detail in appendix A.1.1. For the Monte-
Carlo procedure we use the Hamiltonian as the minimization functional and adjust the
Monte-Carlo temperature to the desired temperature of the lattice. For our simulations
we repeat this procedure and the subsequent time evolution many times. We average
the observables over all of these Monte-Carlo trajectories. This procedure accounts for
thermal fluctuations.

An improved description of the initial state can be obtained by sampling from the
Wigner function of the system, see e.g. [188]. In particular, such a description accounts
for quantum fluctuations in the initial state. For our case, however, the stochastic thermal

sampling turns out to be sufficient.

SPGPE-theory

The stochastic projected Gross-Pitaevskii equation (SPGPE) is an extension of the PGPE,
in which we also allow for exchange of energy and particles with the environment. The
interactions with the environment are modeled by effective stochastic processes corre-
sponding to gain and loss of atoms and energy. Here we mainly give the SPGPE for
completeness. We model our system using this set of equations that gives a slightly
more precise description of the interaction terms. For our purposes it would, however,
be sufficient to use the PGPE. Still it would be an interesting direction for future work
to explicitly include decay terms for the loss of atoms from the trap. As we mentioned
above when atoms decay from one of the excited bands back into the lowest band they
gain a large amount of energy. This energy can be larger than the trapping potential
in the z-y-plane and hence the atoms can be lost from the trap in the experiments in
[131-137]. In contrast, in our simulations the atoms always remain in the lowest band
instead. Via scattering with excited band atoms the energy they gain in the decay process
can be transfered to atoms in excited bands. This energy transfer is an additional source
of heating for the excited band population. Including decay terms could therefore lead to
an even better description of the experiments in [131-137].

For the derivation of the SPGP-equations we follow a procedure described in the ap-
pendix to [194]. Here we only show the calculation exemplarily for some of the terms of
the tight-binding Hamiltonian. The full set of equations is given in App. A.2.2. Since

our goal is to include effective stochastic gain and loss terms we start from the Lindblad
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equation [158] for the density matrix

d 1
—p=1ilp.H — = § LT LLY —2L%pL2TY 4.31

a

Apart from the Hamiltonian H, which we take to be the one from Eqs. 4.2,4.10 and 4.16,
and the density matrix p this equation contains Lindblad operators L®. Here we are

mainly interested in the Lindblad operator corresponding to loss of atoms
Lt = V9ibswr, for R, € B

We use the procedure described in [194] in order to map the terms in Eq. 4.31 to equations

for the Wigner function W. For example a hopping term of the form
H = blb; + blb;

leads to*

9
op;

9

BjJraﬁj

W = —%Im [ ﬁz} W

1

0 0 0 0

T P . A LU

where we have replaced the operators b; by complex numbers §; = z; +1y; and x;,y; € R.
As explained in [194] the resulting equations for the Wigner function are Fokker-Planck
equations and can therefore be recast in the form of stochastic differential equations

(SDEs). For example for the above hopping term we obtain for i # j

Ox; . Yy .
o Y o Y
or; dy;

ot Y ot

When evaluating these terms for H, and rewriting them with complex derivatives, we
indeed get the same equations as Eqs. 4.26 and 4.27.

For the interaction term

H = blblb;b;

4Note that for a complex number z = z + iy: 9/0z = 1/29/0x —i/20/dy and §/9z* = 1/20/0x +
i/20/0y.
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we obtain for ¢ # j

2 10 10
atW = __Im |:8_6]|51| 6] aﬁz|5]| 62 28_@61 - 58_53

170 9 o 1 0 9 o 1
——ﬁ[a—xi?/z(ﬁjﬂLyj—§)+a_%?/j($i+yi_5

/53'] W

and

d.flfi 9 2 1 dyz 1 2 2

dz; 2 s 1 dy; 1 2 2
dt_yj<$i+yi 2 a G\ H T

Rewriting these in terms of complex derivatives and using the explicit interaction term

from Eq. 4.28 we obtain

dfer, WU

/Bdl;R = b |:/8y RlﬁyR :| ﬁx,Ri
d . ZU

/BdZ;RZ = b |:ﬁxR /BIR ‘| 5y,Ri

We see by comparing to Eqgs. 4.29 and 4.30 that an extra 1/2 occurs in the equations.

This factor accounts for the zero-point motion of the harmonic oscillator and hence leads

to a slightly more appropriate description for modes with comparatively low occupations.
Finally, for the Lindblad term L° = VVibs r; We obtain for the density matrix

o _

Vi
dt _E (bi,RibS,Rip + pbl,Rib&Ri - QbS’Ripbl’Ri>

This maps to

AW 1 0 0

T {R 7 5“‘1 200, i, } "
— A 1 0 T, 1 4 —i— L > ” W
= 2 al’s,R 2 a Ys,R; Fyor, R axs R; ayiRi

for the Wigner function and we obtain the SDEs

diL‘S ’ p i
drer, _ _Jip o Vi

dt 2 ()

9 T,
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dys g, Vi v Vi
LTS At
” 5 YsR 2/\@,()

Y

where N () is, in each time step of the SDE-integration, randomly sampled from a Gaus-

sian distribution with zero mean and unit standard deviation.

4.2.2. Quench protocol and parameter settings

Here we describe the set of parameters which is used for all simulations in this section.
This set is motivated by the settings used in Refs. [131-137] and [N3]. We initialize the
system with 12x12x25 (x X y X z) lattice sites. We start from an empty lattice and fill
the lattice using a variational Monte-Carlo minimization with 50000 Monte-Carlo steps,
for details see App. A.1. We use periodic boundary conditions in the x- and y-direction.
For the z-direction we use a harmonic trap such that the density of the atoms vanishes
at the edge of the trap, see Sec. 4.1.2 and Fig. 4.11. We adjust the chemical potential
such that the density in the center of the trap is similar to the one in Refs. [131-137].
All observables are averaged over the full trap. Hence, the resulting particle numbers
are lower than the ones in the center. The discretization length for the z-direction is
d, = 0.13num. The values of the tight-binding parameters are given in Sec. 4.1.2. For the
interaction strength we scale the estimates obtained in Sec. 4.1.2 by 0.9. This scaling factor
approximately accounts for the higher particle number that we use for our simulations
in order to ensure that we stay in the range of validity of classical field theory. The
protocol for the quench is sketched by red arrows in Fig. 4.1. We initialize the system
at AV = —1.8V4 and start the time evolution with a fast quench changing the value
of AV from AVi,y = —1.8Vy to AVyq = 0.43V within the first 100 ps. Afterwards we
let the system equilibrate at AV, = 0.43V, for 20 ms before we perform a second slow
quench during 4 ms, hence reaching AV} after 24 ms. For the simulations from Ref. [N3]
we compare to a different experimental setup, where we use a direct quench without the

intermediate step of equilibration at AV, = 0.43 V.

4.2.3. Condensation in higher bands: the s-p,-p,-condensate

When loading atoms into a lattice with alternating deep and shallow lattice sites and
then suddenly performing a quench exchanging the depth of the lattice sites the atoms
are transferred to the second band (remember the sketch in Fig. 4.1). On intermediate
time scales the atoms prethermalize in the second band before on even longer time scales

they decay back to the first band. We show the occupations of each orbital after such a
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Figure 4.12 — Orbital occupations as a function of time for a single Monte-Carlo
trajectory. We show the dynamics without doing a second quench, ie. AV, =
AV; = 0.43V,. The inset shows a zoom of the region marked in the large figure. The
system is initialized with temperature T' = 1/2 E,../kp = 48 nK.

quench in Fig. 4.12

1 1
5,C — 77 bT bs ; o= X7 bT ba i )
naC = 3 RZ;(J( R:VsR.) "o =N RZE:A< b R;VoR:)

where o € {p,,p,}, C € {A, B} and the sum runs over all sites of the A- or B-sublattice,
respectively. Initially almost all atoms are located in the s-orbitals on A-sites (from now
on called sa-orbitals). Other orbitals only have small thermal occupations. After the
quench to AV; = 0.43Vy the atoms relax almost instantaneously, after less than 1ms,
to an intermediate steady state. Almost no atoms are transferred to sg-orbitals, while
p-orbitals increase their thermal occupation due to the reduced energy difference between
sa- and p-orbitals.

The quench process will always lead to some heating. Still, for sufficiently low initial
temperature, it is possible that thermalization within each tube in the z-direction leads to
recondensation in the second band. Then the occupation of p-orbitals leads to a condensa-
tion mode that spontaneously breaks the symmetry of the lattice. The J,-hopping terms
favor the alignment of neighboring s- and p-orbitals, see Fig. 4.13. This leads to the anti-
alignment of s-orbitals with distance €], . Two independent sublattices form. The relative
phase between these sublattices is set by the interaction term bl,Ribl,RibyaRibvai +h.c.
The interaction is minimized for the chiral orientation of p-orbitals leading to two degen-
erate condensation modes |=1). In each initialization the system randomly picks one of
these condensation modes with equal probability.

We would like to test the realization of the chiral condensate in our simulations. Our
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o
- eo )

=)

Figure 4.13 — Sketch of the condensation mode. Circles indicate s-orbitals while
dumbbells indicate p-orbitals. There are two degenerate condensation modes that mix
the two sublattices shown in the figure with relative phase +7 or —i. The condensation
mode spontaneously breaks the symmetry of the lattice. We therefore introduce the
site labels A, 5 and By 5.

goal is to construct a correlation function that probes the relative orientation of the p-
orbitals, allowing to detect their p, £ ip,-character. We first consider the single-particle

correlation function between different orbitals

bl by R,
c(d) = NL 3 2R 0t , (4.32)
Al Rien \/ (b! g bsr ) (O &4 aboR,+a)

where o € {s,z,y}. For simplicity we have restricted ourselves to correlations of an
sai-orbital with an arbitrary second orbital.

Within classical field theory the single-particle correlation function gives the phase
difference between the two sites considered. In order to illustrate this behavior we consider
a system with only two states and wave functions ¢; = \/nje™* and 1, = \/nze'®?. Then

t
< b1b2 > — ei(¢2*¢>1)
(b1b1) (bhbs)

For an s-condensate all phases are aligned and hence C*(d) = 1 for all d.

We show a snapshot of the single-particle correlations after 40 ms in Fig. 4.14. Only
the correlations on the first sublattice shown in Fig. 4.13 can be observed since the two
orientations of the second sublattice average out when taking many initializations. The
correlations on the visible sublattice are consistent with the chiral condensation mode.
We find that this condensation mode is the ground state for all values 0 < AV < 0.86V4.

In order to test the relative orientation of the two sublattices shown in Fig. 4.13, we
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Figure 4.14 — Snapshot of the single-particle correlations at ¢ = 40 ms. The resulting
correlations are consistent with the condensation mode shown in Fig. 4.13. We show
the real part of the single-particle correlation function Re [(C?)(d;)] as a function of
d;j = (xj,y;j). On A-sublattice sites we show the correlation with s-orbitals (i.e. o = s)
in both panels. On B-sublattice sites we show the correlation with p,-orbitals (i.e.
o = x) in the left and with p,-orbitals (i.e. ¢ = y) in the right panel. Small sketches
on each site indicate which correlation is shown. The imaginary part of all correlations
vanishes. For this simulation there is no second quench, i.e. AV, = AVy = 0.43 V.
The system is initialized with temperature T'= 1/2 Ey../kp = 48 nK. All observables
are averaged over 100 Monte-Carlo trajectories.

introduce the chirality of p-orbitals, i.e. the correlation of p,- and p,-orbitals on the same

site,
=Y Tn
chir NC i )
R;eC

2 \/<bL,RZ br,Ri> <bL,Ri by,Ri)

where Ig, =

and C' € {By, Bo}. We note that the anti-symmetrization of the operator is the analog of
taking the imaginary part of the resulting expectation value.

We find that (CS;,) = %1 for the p, +ip, orientation on a given orbital. We say that this
p-orbital has positive or negative chirality. Since the chiral condensate has alternating
chirality on diagonally neighboring lattice sites, see Fig. 4.13, we need to evaluate the
chirality for both B;- and Bs-sites separately. Faint dashed lines in Fig. 4.15(a) show this
observable for a single Monte-Carlo trajectory. Indeed the chirality is always opposite
on Bj- and Bs-sites. We observe that the system does not only randomly pick one of
the two condensation modes in each Monte-Carlo trajectory, but in fact even switches

between the two condensation modes for a single initialization. Both effects result in
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Figure 4.15 — Correlations as a function of time. Panel (a) shows the p-site chirality
averaged over the B;- and Bs- sublattice sites, Ciil;z. Panel (b) shows the averaged
p-chirality correlation Cepnir—cnir, the condensate fraction n. and the fraction of atoms
occupying the X-points in the second band ng?) /n. We show the dynamics without
doing a second quench, i.e. AV, = AV = 0.43V,. The system is initialized with
temperature T = 1/2 Fy../kp = 48nK. Faint dashed lines show an example of a
single random initialization of the system, while solid lines are averaged over 100
Monte-Carlo trajectories.

vanishing chirality when averaging over several Monte-Carlo trajectories, see solid lines
in Fig. 4.15. In order to avoid this averaging effect and still obtain an estimate of how
well the atoms are condensed one can look at the correlation of the chirality between

neighboring p-orbitals

Cchirfchir = 77 E ZRi-’Z:RiJrey

This quantity is shown in Fig. 4.15(b). For a pure chiral condensate the chirality corre-

lation C}’,. = —1, while for a wave function where all p orbitals have the same orientation
CiY = 1. Just as the occupations the chirality correlations reach their equilibrium value

almost instantaneously. The negative value of the chirality correlation reflects the stag-
gered order of the chirality of the p-orbitals, which is indicated by circles with rotation
directions in Fig. 4.13. The chirality correlation indicates how coherent the atoms are and
hence gives an estimate for the condensate density.

A more exact way of computing the condensate density is to consider the relative

phases and occupations of all orbitals. We obtain the condensate fraction for the chiral
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4. Ultracold atoms in higher bands: the s-p,-p,-lattice

condensate |=1), by summing all single-particle correlations weighted with the correct

phase factor

_7:(1)0'7' (Ri)Rj)

1 (b r,brr,)e

R'i’Rj UvTE{Svmay} <bz,Rz bo'vRi> <bT,Rj bTij >

where ®@,,(R;,R;) is the relative phase that the respective orbitals should have in the
chiral condensate, see Fig. 4.13. Note that nF is the condensate fraction and therefore

0 < nE < 1. We also define the fraction of atoms condensed in both modes by
Ne = nj +n,

In Fig. 4.15(b) we see that just as the chirality correlation the condensate fraction has
a sharp initial increase on a time scale of less than a millisecond. In contrast to the
chirality correlation it keeps increasing on longer time scales of about 40 ps. This reflects
the buildup of long-range correlations.

Finally, we define a set of observables that is similar to the ones presented above but is
closer to the observables that are accessible in experiments. In ultracold-atom experiments
it is usually difficult to extract the occupations of individual sites and orbitals. The
occupations of individual bands are, however, much more accessible via band mapping
[146, 181-185].

In order to obtain the occupations of bands we diagonalize the tight-binding Hamilto-

nian in momentum space in order to obtain the Bloch functions for each band
)

From our simulation we extract the site-resolved wave function |¢;). Fourier transforming

leads to the wave functions in momentum space

1 TR
|pr) = N ;e’le ¢i)

We can now compute the overlap with the Bloch functions in order to extract the occu-

pation of individual momentum modes for each band

™ = (g on) 2
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Figure 4.16 — Occupations n(® of the first to fourth band as a function of time for a
single Monte-Carlo trajectory. We show the dynamics without doing a second quench,
ie. AV = AVy = 0.43V,. The inset shows a zoom of the region marked in the large
figure. The system is initialized with temperature T'=1/2 Ey../kp = 48 nK.

Summing over all momenta gives the occupations of bands
7,L(oz) _ Z n](ga)
k

The minimum of the second band is at the X-points of the lattice. In experiments, it is
common to define a region of interest around the X-points in order to obtain an estimate
of the number of condensed atoms. We can imitate this approach by considering the
occupation of the X-points ng?). The condensate fraction can then be approximated by
the normalized X-point occupation ng?)/ n, where n = n(®. We show this quantity
in Fig. 4.15(b). Its time evolution is qualitatively similar to the one for the condensate
fraction. Since there are also thermal atoms occupying the X-points it is generally slightly
larger than the condensate fraction.

For the tight-binding model of the s-p,-p,-lattice we consider four orbitals in each unit
cell and therefore obtain four bands. Often it will be helpful to look at the number of

atoms in excited bands, we therefore define

n™ =n® +n® 4 n®

and similarly n§ = ng?) + ng?) + n_()?).
Away from the band crossings the occupations of bands agree well with the occupations
of the corresponding orbitals, compare Figs. 4.12 and 4.16. Only near the band crossings

different orbitals mix.
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Figure 4.17 — Time evolution of the occupations n(® of the first four bands. We
show the dynamics without doing a second quench, i.e. AV, = AVy = 0.43V,. The
system is initialized with temperature T = 1/2 E,../kp = 48 nK and all observables
are averaged over 300 Monte-Carlo trajectories.

4.2.4. Lifetime of atoms in higher bands

While the atoms form a stable condensate at intermediate time scales, they decay back
to the thermal ground state of the lattice for longer times on the order of several hundred
milliseconds. Their lifetime crucially depends on the control parameter ¢ and the tem-
perature of the system. Here we will therefore investigate the lifetime of the atoms in the
second band of the s-p,-p,-lattice.

We show the decay dynamics of the band occupations for longer times in Fig. 4.17.
After the quench the excitation scheme prepares almost all atoms in the second band
with an additional smaller occupation of the fourth band. Within about 1s the atoms
relax towards a thermal state with dominant occupation in the first band. Significant
thermal occupations of higher bands remain due to the large energy that the atoms gain
when decaying back to the first band.

In Fig. 4.18 we show the time dependence of the second-band occupation as well as its
thermal and condensed fraction. We observe three different decay stages. In stage I the
number of condensed atoms increases, in stage II there is a large number of condensed
atoms and slow decay and stage III is characterized by exponential decay and a vanishing
number of condensed atoms. The different decay stages and the resulting metastability
of the condensate in the second band will be discussed in more detail in Sec. 4.2.5. Here
we consider the speed of the exponential decay in stage III. We define the onset of stage
IIT as the time where the condensate fraction drops below a threshold value and fit the

total number of atoms with an exponential

f(t) — aeft/Tdecay + b ,
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Figure 4.18 — (b) Time evolution of the total number of atoms in the second band

n® as well as its condensate fraction ng?) and thermal fraction n(? — ng?) after a

quench to AV = 0.43 Vy. Panel (a) shows experimental data for comparison. Details
on the experimental data can be found in Ref. [N3|. We identify three main decay
stages: the coherence buildup stage (I), the inhibited relaxation stage (II) and the
fast relaxation stage (III). The black lines show exponential fits to the data points in
stage (IIT). The temperature of the initial state for both experiments and simulation
is T ~ 0.5 Ee./kp = 50nK. For the simulation all observables are averaged over 300
Monte-Carlo trajectories. This figure has been published in Ref. [N3].

where a,b and Tyecay are fit parameters.

We extract the decay time scales Tyecay @s a measure for the atom’s lifetime.> The
extracted decay time scales as a function of the final potential offset between the two
sublattice AV} are shown in Fig. 4.19. The condensate is most stable at intermediate
values of AV} close to AV = 0.43 V. Close to the band crossing points at AV; = 0 and
AVy = 0.86Vp (remember Fig. 4.10) the condensate decays nearly two orders of magnitude
faster. We first consider the decay close to AV; = 0. Here the s4- and sp-orbitals are
almost degenerate. Therefore hopping between these orbitals is likely to occur. Second-
order hopping processes via p-orbitals are strongly suppressed due to the high energy of
p-orbitals. Therefore the only hopping processes transferring atoms from s 4- to sg-orbitals
are direct hopping terms between these orbitals, i.e. those proportional to J<,. For larger
value of AV} the energy difference between s4- and sp-orbitals increases and these hopping
processes are suppressed. Close to the second band crossing at AVy = 0.86V, the energy
of the sg-orbitals is well detuned from both s4- and p-orbitals. Hence we do not expect
hopping-induced decay. Still the decay time scale is two orders of magnitude smaller then
the one close to AVy = 0.43 V. In agreement with [195] we find that the main origin of

decay are the p-sp-interaction terms, which are bi,Ribi,Ribﬁ,Ribl‘,Ri + bi,Ribl,Ribnyibvai +

5We note that this is of cause not the only time scale relevant for the lifetime of the atoms. Since the
atoms only decay significantly during stage III, the onset of stage III is similarly important.
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Figure 4.19 — Decay time scale as a function of final potential offset AV} extracted
from experiments (a) and numerical simulations (b). Red curves in panel (b) show a
simulation where one of the two decay channels has been artificially switched off such
that only hopping-induced decay (dashed curve) or only interaction-induced decay
(dotted curve) remains. The temperature of the initial state for both experiments and
simulation is 7" = 0.5 E,./kg ~ 50 nK. For the simulation all observables are averaged
over 300 Monte-Carlo trajectories. This figure has been published in Ref. [N3].

h.c.. These are scattering terms where 2 atoms in a p,- or p,-orbital collide and change
their orbital character to s, ending up in sp. Near the band crossing at AVy = 0.86V} the
p-orbitals are close in energy to s4-orbitals and therefore obtain large occupation, which
leads to fast interaction-induced decay. In order to check the significance of the two decay
processes at different values of AV} we have artificially switched off each of the terms in
our simulations, see Fig. 4.19. When switching the p-sg-interaction terms off we observe
nearly unchanged decay time scales close to AV; = 0, while the atoms become orders of
magnitude more stable for AV; > 0.43V,. The opposite happens when setting J& = 0.
The decay time scale is nearly unchanged close to AV; = 0.86V; and increases by orders
of magnitude for AV < 0.43V. Hence we confirm that the main decay mechanism is due

to J%-hopping close to AV} = 0 and due to p-sp-interactions close to AV; = 0.86V4.

4.2.5. Self-stabilization of condensates in higher bands®

So far we found that the lifetime of the atoms crucially depends on the final potential
offset AV} and have identified the decay mechanisms. We made the remark already that
three different decay stages emerge. Here we analyze and characterize these decay stages.

Immediately after the quench that transfers the atoms to the second band they populate

all available Bloch modes almost equally. In the subsequent thermalization dynamics the

6Significant parts of this section have been published in Ref. [N3]. The corresponding parts have
mainly been written by the author of this thesis.
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interaction-induced decay

hopping-induced
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Figure 4.20 — Sketch of decay mechanisms and the inhibition of decay for the chiral
condensate. For the hopping-induced decay destructive interference between opposite
nearest-neighbor sites leads to the inhibition of decay. For the interaction-induced
decay the decay channels of two colliding p,-orbital atoms and two p,-orbital atoms
interfere destructively. This figure has been published in Ref. [N3|

tubes in the z-direction help the atoms to condense in the second band. Hence the first
decay stage depicted in Fig. 4.18 is characterized by an increasing number of condensed
atoms and decreasing number of thermal atoms. The number of condensed atoms increases
until it reaches the equilibrium value corresponding to the temperature of the atoms. This
is the onset of stage II. In the second stage there is a high condensate fraction and the
decay is slower than exponential as we see from the exponential fits that agree in stage III,
while deviating significantly in stage I and II. We see that in the crossover to stage I1I the
condensate fraction reduces and simultaneously the decay of atoms from excited bands
to the lowest band becomes faster. This indicates that the correlations of the condensate
are responsible for the long lifetimes of the atoms. Indeed we find that the condensation
mode shows destructive interference for both decay mechanisms that have been identified
in the previous section. As a result the condensate represents a dark state, which leads to
metastability of the atoms in the second band. To illustrate this behavior we consider a
single sg-orbital on site R. For the hopping-induced decay there are four different terms

that transfer atoms to this orbital
—J2 (b b bl b bl b bl b h
ss s,R 57R,-l,-e’z + s,R 57]R,—e’I _I_ s,R s,R—&-eg/ + s,R S7R—e; _|_ .C.

Assuming that all atoms are condensed in the upper band, we know that s4-orbitals
on opposite sides of the sg-orbital have opposite phase and hence the above hopping
term vanishes, see Fig. 4.20. Hence there is perfect destructive interference for this decay
mechanism. If we were able to prepare a perfect condensate in the upper band, it would

not decay.
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A similar explanation holds for the interaction-induced decay. Here we have identified

U
=2 0] bl bembor + b R Rbymbym + hc.

as the relevant decay mechanism. The condensation mode is characterized by the inter-
action-stabilized relative phase between p,- and p,-orbitals of +i. It also has the same
occupation n, in these orbitals. When evaluating the above interaction term for the
condensate wave function |=1) we therefore obtain
(Eslal al, (0000 + aiyaiy) [20) = (Exlalal, (npe™ —nye®) |22) =0

We see that the condensation mode in the s-p,-p,-lattice has perfect destructive interfer-
ence for both decay channels and hence does not decay. Only the thermal fraction decays.
Decaying atoms gain an energy corresponding to the band gap between the first and sec-
ond band, which for our lattice is on the order of E,.. This energy thermalizes also among
the atoms in the second band and hence leads to heating of the atoms. This heating effect
together with the reduction of the number of atoms in the second band leads to a reduced
phase-space density and hence lower condensate fraction. Eventually we cross the phase
transition and only thermal atoms remain. This is the onset of stage III. Since now only
thermal atoms remain there is no inhibition of decay and the remaining thermal atoms in
the second band decay exponentially fast.

Higher initial temperature, shown in Fig. 4.21, leads to higher temperature after the
quench and hence a lower condensate fraction. Now the crossover to stage III occurs
significantly earlier and the exponential fit is a good approximation even for short times.
This confirms that the coherent order of the condensate inhibits relaxation.

A simple two-fluid model for the decay of the atoms can give further insight into the
dynamics. We consider only the atoms in the upper band and assume that we have
a thermal fraction N, and a condensed fraction N, of atoms. The total number of
atoms is Nyt = Ny + Ne. Furthermore we assume that the equilibration within the
thermal and condensed atoms happens on a much faster time scale than the equilibration
between the two, such that we can assume the equilibration within each fraction to be
instantaneous. Without loss of generality we assume that the condensed atoms have zero
energy. Following the description in chapter 2 of Ref. [187] we assume a generic density
of states

a—1

g(€) = cqt
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Figure 4.21 - (b) Time evolution of the total number of atoms in the second band n(?

as well as its condensate fraction ng?) and thermal fraction n(® — n()?) after a quench

to AV = 0.43V, for high initial temperature. Panel (a) shows experimental data for
comparison. Details on the experimental data can be found in Ref. [N3]. We identify
three main decay stages: the coherence buildup stage (I), the inhibited relaxation
stage (II) and the fast relaxation stage (III). The black lines show exponential fits to
the data points in stage (IIT). The temperature of the initial state for both experiments
and simulation is 7' ~ 110nK. For the simulation all observables are averaged over
300 Monte-Carlo trajectories. This figure has been published in Ref. [N3].

We can then compute the total number of thermal atoms and the total energy F as

1 o
Nth = /dE g(E)m ox T

_ € a+1
E = /de g(e)—eg/(kBT) — T

We absorb the proportionality constants into the units of temperature and energy and

therefore obtain
Nth - Ta NthT - E

As we have seen above the condensed atoms do not decay due to perfect destructive
interference. We therefore assume that only the thermal atoms decay with time scale
1/9gec. Furthermore we assume that the thermal and condensed fraction equilibrate on
a time scale of 1/I';. On average whenever a thermal atom decays the total energy is
decreased by the mean energy of a thermal atom E/Ny,. Additionally the atom gains an
energy AF corresponding to the energy difference between the upper and the lower band.
We assume that this energy is redistributed to the atoms in the upper band and hence

the energy of these atoms is increased by this amount. Hence the equations of motion for
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Figure 4.22 — Two-fluid model for self-stabilization at low (a), medium (b) and high
(c) initial temperature. We show the total Ny, thermal Ny, and condensed Ny, — Niy,
particle number as well as temperature T" computed within a two-fluid model. The
model shows qualitative agreement with experimental and simulated data shown in
Figs. 4.18 and 4.21. All quantities within the toy model are dimensionless. We use
Yaec = 1, T'eq = 3, @ = 2 and AE = 3. This figure has been published in Ref. [N3].

our model system are

Nth = _/VdecNth + 1—‘eq(jﬁa - Nth)
Ntot - _’YdecNth

: E
E= (AE - N_)'YdecNth . (433)
th

We derive the equation for the temperature of the system by taking the derivative of
T = E/Ny,. We obtain

. | A
T= /ydecAE - 1

(T — Nw) - (4.34)

These equations are of cause only valid as long as the condensate fraction is finite, after-

wards Niot = Ny, and

Nth = _’YdecNth
T = ’)/deCAE

In our case having one harmonically trapped and two free dimensions we obtain o ~
1/2+1/2+1 = 2. We show the resulting time dependence in Fig. 4.22. We find that
the results agree qualitatively with the simulations based on classical field theory. All

main features of the three decay stages are also captured by the two-fluid model. Two
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additional insights can be gained from the two-fluid model: firstly, we have easy access to
the temperature in the two-fluid model and see that there is only a slow increase while
there is still a large condensate fraction, and the temperature increases rapidly afterwards.
This can be understood as follows: from Eq. 4.34 we can see that moving an atom from
the condensate to the thermal cloud effectively cools the atoms. The reason is that the
mean kinetic energy of thermal atoms is larger than the mean kinetic energy of condensed
atoms. This cooling process counteracts the heating effect due to the decay of thermal
atoms. Secondly, the two-fluid model has a sharp phase transition from a condensate
to a purely thermal cloud showing a kink in the condensate fraction. By construction
the decay of the two-fluid model is exponential when the condensate fraction vanishes.
We also see from Fig. 4.22 that the inflection point of the curve for the total number of
excited atoms is exactly the point where the condensate fraction vanishes. This seems to
also hold for the experimental data and our classical-field-theory simulations, for these
cases the phase transition is, however, smoothed due to the trapping potential.

Within the two-fluid model we can gain insight into the scaling of decay during the
different relaxation stages. As we have noted the total number of atoms decays expo-
nentially during stage III. Here we are interested in the scaling during stage II. Since at
the onset of stage II the atoms have equilibrated already we can assume instantaneous
equilibration, such that Ny, = T, during this stage. With this approximation we can
solve Eq. 4.33 and obtain

E = (AE — (AE — Ty)e~artt)otl (4.35)

where Ty = Eé/ (@) i5 the initial value of the temperature and Fj the one of the energy.
Note that it is crucial to make the approximation Ny, = T for the differential equation of
the energy and not the temperature. In the latter case we would be neglecting the above
mentioned change of temperature due to atoms that transfer between the condensate
and the thermal fraction. Still we can derive the solution for the time dependence of

temperature from Eq. 4.35
T = (AE — (AE — Ty)e artt)®

The temperature always equilibrates towards a constant value of T'= AE®. We therefore

consider the solution for the total number of atoms for fixed temperature, then

Ntot (t) == _’)/decTa
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Figure 4.23 — Simulated time evolution of the total number of atoms in the second

band n® as well as its condensate fraction ng?) and thermal fraction n(® — ng?) after

a quench to AV = 0.25V for three different temperatures as indicated in the panels.
All observables are averaged over 200 Monte-Carlo trajectories. Panel (a) has been
published in Ref. [N3].

and
Ntot = Ntot,O - ’VdecTat

where Ny, is the initial value of Ny. Hence for any fixed temperature the total number
of atoms decays linearly. This stresses the efficiency for the inhibition of decay, since we
obtain linear instead of exponential scaling. Also we confirm that a perfect condensate at
T = 0 represents a dark state without decay.

We return to our numerical simulations and take a closer look at the coherence-buildup
stage. In the beginning of this stage there is a large thermal fraction, hence low coherence
and therefore the atoms should decay fast. This effect can not be observed in Fig. 4.18.
We do observe it, however, at significantly lower temperatures shown in Fig. 4.23(a) and
also see a faint signature of this initial fast decay in the toy model in Fig. 4.22(a). The
atoms initially decay fast until the condensate fraction becomes large and the amount of
total atoms in the upper bands reaches a plateau with negligible decay. At significantly
longer times, the condensate fraction reduces and we enter the fast decay stage. We
therefore confirm the fast decay in the condensation stage and conclude that it is only a
minor effect at the experimental temperature and therefore not observed in Fig. 4.18.

Finally, we show the decay time scale for several different temperatures in Fig. 4.24(a).
We see that the decay time scale has no strong dependence on the initial temperature
of the atomic cloud. For all temperatures the decay time scale is fast close to the two
band crossings at AV = 0 and AV = 0.86Vy. For intermediate values of AV there

is a competition between the two decay channels. Depending on the relative size of
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Figure 4.24 — (a) Simulated decay time scale as a function of final potential offset AV
at several different temperatures as indicated in the legend. After loading the atoms
into the second Bloch band they relax back to the lowest band. In stage III the decay
is exponential and hence we extract the corresponding time scale. (b) Cross-over time
from stage II to III. We extract the time where the condensate fraction drops below
3%, which indicates the cross-over from stage II to III and is the starting point for
the exponential fits for the decay time scale. We see that the cross-over time crucially
depends on temperature while the temperature dependence of the decay time scale
is not as strong. All observables in this figure are averaged over 200 Monte-Carlo
trajectories. This figure has been published in Ref. [N3].

the respective decay constants the longest lifetime is obtained close to the center point
AV = 0.43Vy. Only the maximum of decay time scale shifts to slightly lower AV for
higher temperatures. The lacking temperature dependence of the decay time scale can
be explained as follows: the initial temperature of the cloud determines the condensate
fraction at the beginning of stage II. Hence we expect larger coherence and slower decay
during stage II. Subsequently heating leads to increasing temperature and hence reducing
phase-space density. The onset of stage III is essentially determined by the time when
the phase-space density has reduced below the critical value for condensation. Hence
independent of the initial temperature the phase-space density in the beginning of stage
I1T is always the same. Lower initial temperature only leads to a later cross-over from
stage II to III. We confirm this by showing the cross-over time point from stage II to III in
Fig. 4.24. We define the cross-over time point as the point where the condensate fraction
drops below a certain threshold value. We see that indeed it changes dramatically with
temperature, indicating significantly longer durations of stage II and as a result longer
lifetimes of the condensate for lower initial temperature. Hence also the temperature
dependence of the decay time scale and the crossover time point from stage II to III are

consistent with the three different decay stages presented in this section.
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Figure 4.25 — Sketch of the phase pattern of the condensate wave function |¢4) at
the X -point in (a) and X_-point in (b). Circles denote s- and dumbbells p-orbitals.

4.2.6. Oscillation between X-points.’

It has been proposed in Ref. [196] that a cloud of atoms prepared at one of the two
degenerate minima of the second band, i.e. the X - or X_-point, see Fig. 4.5, will perform
coherent oscillations between the two X-points that encode information about the relative
strength of the involved interaction processes. While Ref. [196] used a minimal model
considering only the two Bloch states |¢1) at the X, - and X _-point, we study the resulting
dynamics within our classical-field-theory simulations. Most notably we find instanton-
type dynamics, where the condensate oscillates between the two many-body lowest-energy
states |=4), which are characterized by chiral order. While the model from Ref. [196]
makes precise predictions on the oscillation frequencies of the X-point dynamics these
instanton-type oscillations are not observed.

We simulate the dynamics by starting at a moderate negative potential offset AV, =
—0.63 Vy. This ensures that the lattice is sufficiently shallow such that the atoms can
form a coherent condensate in the s-orbitals on A-sites. Subsequently we use a phase-
imprinting technique in which we multiply each orbital with the phase corresponding to
the state at the X ;-point, as depicted in Fig. 4.25(a). This is the theoretical analogue of
performing a half-cycle Bloch oscillation in experiments and exerts a momentum kick that
moves the cloud of atoms to the X -point. Only after this imprinting step we perform
the quench that transfers the atoms to the second band. Here we perform a direct quench
to the final imbalance AV} within 100 ps. This protocol prepares the atoms in the Bloch
state |14). The states |¢;) and |¢)_) are, however, not the lowest-energy states of the
interacting system. As we have seen in Sec. 4.2.3, the many-body lowest-energy state is
the chiral condensate |=.) depicted in Fig. 4.13. So far we have characterized this state
by its chiral superposition of the p-orbitals with relative phase +i. An alternative view
on this state is that it mixes the Bloch functions |¢)1) at the X,- and X _-points with

"Parts of this section have been published in Ref. [N4]
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Figure 4.26 — Different representations of the oscillation between X, ,- and X _-
points. Panel (a) shows the number of condensed atoms nE in the two degener-
ate condensate modes |=1), while panel (b) shows the relative occupation of X-
points (n%§, — n¥ )/(n¥, + n¥ ). The solid red line in (b) shows a fit with a
damped oscillation, as defined in Eq. 4.36. The example shown has a conden-
sate density n. = nl + n, ~ 0.9. For both panels we initialize the system at
T = 0.005E,./kg =~ 0.5nK and AVj,;; = —0.63V, and perform a direct quench
to AVy = 0.35Vy. Panel (a) shows a single Monte-Carlo trajectory, while panel (b)
is averaged over 300 trajectories.

relative phase +i, such that®

1

V2

The corresponding occupations nZ of [Z1) and ng, x  of [¢1) have been defined in
Sec. 4.2.3.

In Fig. 4.26 we show the resulting dynamics for low initial temperature. After the

|Z4)

(I4) £ i[y-))

quench the atoms recondense at the X, -point in the second band, such that the relative
X-point occupation (n§, — n¥ )/(n¥, +n§ ) = 1. As a result the atoms form an
equal superposition of the two interacting lowest-energy states |Zi), such that nl =

n. = n./2. We observe two different stages in the resulting dynamics for ¢ < 100 ms
and t > 100 ms, respectively. The first stage is characterized by coherent oscillations
between both |Z1) and |¢1). At the zero crossings of the relative X-point occupation
the atoms alternate between maximal overlap with |=,) and |Z_). Similarly, each time
ng and n_ cross, the atoms have dominant overlap with either |i4) or |¢p_), such that
(n%, —nS% )/(n¥, +n% ) =~ £1. In each Monte-Carlo initialization the atoms randomly

start with an oscillation towards either |=,) or |Z_) with equal probability. Therefore

8With the convention shown in Figs. 4.13 and 4.25 there is an additional phase factor (1 —i)/v/2,
which we drop for better readability.
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Figure 4.27 — Phase-space diagram of the oscillation between the two many-body
lowest-energy states of the second band, which are the two chiral condensate modes
|=4). We plot the relative condensate fraction n* = (n} —n_)/(nd +n_) on the z-
and its numerically determined derivative on the y-axis. Time is encoded in the color
scheme, as indicated by the color bar. We distinguish two different dynamical stages:
during the first stage there are coherent oscillations between |=,) and |=_), see dark
outer paths, and during the second stage |=,) obtains the dominant occupation, see
red and yellow inner paths. We use the same set of parameters as in Fig. 4.26. In
order to avoid noise we apply a Gaussian filter to n*. This figure has been published
in Ref. [N4].

the oscillations of n¥ average out for many Monte-Carlo trajectories. This is the reason
why we show these oscillations for a single trajectory in Fig. 4.26(a). In contrast, the
oscillation always starts at the X, -point as a result of our preparation scheme. We show
these oscillations averaged over 300 Monte-Carlo trajectories in Fig. 4.26(b). We see a
more pronounced damping effect for the averaged oscillations. This is a result of several
different frequency components involved in the oscillations. Depending on the random
initialization of the system that accounts for thermal fluctuations, the resulting oscillations
may have different frequencies. The dephasing between different frequency components
leads to damping of the oscillations.

A different view on the dynamics can be obtained by plotting the oscillations between
|=4) and |=_) in a phase-space diagram, as shown in Fig. 4.27. As the conjugate variable

to the relative condensate fraction

+_ —_

T — nC nC
+ —

ng +ng

we use its time derivative An'/At. In the initial stage of the dynamics the atoms have
almost unit overlap with |=4) once per cycle and hence perform oscillations between the
two lowest-energy states of the system. This switching between the ground states is called
instanton and plays an important role in high-energy physics [197, 198]. In Fig. 4.27 we

observe a slight reduction in An'/At whenever n* = 0. This is a result of the slow down
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Figure 4.28 — (a) Oscillation frequencies, obtained from fitting the data from our
classical-field-theory simulation, are plotted versus AV;. We show the oscillation
frequencies at three different initial temperatures, as indicated in the legend. For
all three temperatures the obtained oscillation frequencies agree quantitatively. (b)
For comparison we show experimental data taken by José Vargas from the group of
Prof. Andreas Hemmerich. The temperature for this data is estimated to be 50 nK.
For the high-temperature data it is more difficult to observe the low-frequency oscil-
lations and hence we omit these data points in (a) and show a smaller range of AV} in
(b). To adjust the mean-field interaction energy to the experimental one we scale the
interaction parameters obtained in Sec. 4.1.2 by 0.2 for panel (a). Before fitting all
data is averaged over 300 Monte-Carlo trajectories. The experimental data presented
in panel (b) has been published in Ref. [N4]. Refer to this reference for details on the
experimental protocol.

due to a free-energy barrier between the two lowest-energy states |¢1). Eventually the
atoms do not have sufficient energy to overcome this barrier. This is the onset of the
second stage of the dynamics at ¢ ~ 100ms. During this stage the atoms are trapped in
one of the free-energy minima and hence always have larger overlap with the same one
of the states |=+). Which of the two states the atoms relax into depends on the initial
parameters and the dissipation of the system.

This dynamics is reminiscent of a rigid pendulum swinging in a circle until dissipation
reduces the energy far enough that the inverted position a the top of the circle is energet-
ically forbidden. From that point onward the pendulum performs oscillations around the
equilibrium position at the bottom of the circle. Depending on the initial conditions and
damping the cross-over between the two types of oscillations may take a variable amount
of time that leads to a phase jump between the two oscillations. A signature of this phase
jump is the strong reduction of the amplitude of the oscillations, observed in Fig. 4.26(b):
in each Monte-Carlo trajectory there is a slightly different phase jump. This leads to
destructive interference of oscillations when averaging over many trajectories, resulting in

significantly reduced amplitudes of the oscillation in the second stage of the dynamics for
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Figure 4.29 — Comparison of the excited band occupation n® in panel (a) and
condensate fraction n. in panel (b) for different initial values AVj,;. For all cases
we choose AV, = AVy = 0.43Vy. The system is initialized with temperature
T = 1/2 Ewee/kp = 481K and all observables are averaged over 100 Monte-Carlo
trajectories.

t > 100 ms.

It was proposed in Ref. [196] that the observed oscillations give insight on the interaction
properties of the system. In particular, it was predicted that the oscillation frequency
depends on the relative strength of those interactions in which atoms exchange their
momentum between X, and X_ as compared to those in which they keep the same
momentum. The exchange-type interactions are related to the interaction terms that
change the p-orbital character bLRib;Ribvaibvai + h.c. and hence are most pronounced
for larger p-orbital occupations close to the band crossing at AV = 0.86 V. In order to
check this prediction we perform a fit to the oscillation between X-points as shown in

Fig. 4.26(b). As a fit function we use a damped harmonic oscillation
f(t) = acos(wt +tg)e " +c | (4.36)

where a, b, ¢ and t; denote fit parameters and w is the fitted frequency of the oscillation.
The resulting oscillation frequencies, shown in Fig. 4.28(a), increase as a function of AV}
as p-orbitals get occupied. Hence we confirm the predictions from Ref. [196]. We also

obtain qualitative agreement with experimental data, shown in Fig. 4.28(b).

4.2.7. Optimizing the loading procedure

Inspired by the experiments in Refs. [131-137] we have so far mainly used the following
quench protocol: we first quench from AVj,;; = —1.8Vy to AV, = 0.43V, within ¢; =
100 ps, then wait for equilibration at AVeq = 0.43 V for teq = 20 ms and perform a second
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Figure 4.30 — Comparison of the excited band occupation n® in panel (a) and
condensate fraction n. in panel (b) for different quench-time scales ¢; at AV, =
AV =0.43V,. The system is initialized with temperature 7' = 1/2 E,./kp = 48 nK
and all observables are averaged over 100 Monte-Carlo trajectories.

quench to AV} within ¢, = 4ms. In this section we analyze whether it is possible to obtain
a larger condensate fraction or longer lifetime in the upper band by optimizing the quench
protocol. We find that the protocol used in Refs. [131-137] is indeed well optimized with
only minor options for further improvement.

First consider the starting point of the quench AVi;. We compare three different
cases in Fig. 4.29. The curves for AV = —1.8Vy and AViy = —1.2Vy look almost
identical. Only the coherence of the condensate in the upper band is slightly better
for AViyw = —1.8Vy, see Fig. 4.29(b). The differences for AVi,, = —0.6 Vq are rather
drastic. The atoms decay significantly faster to the lowest band and the condensate
fraction in the upper band never exceeds 0.03. For AViy = —0.6 Vg the A-sites are
comparatively shallow with only a small offset to the B-sites. As a result the initial state
has finite thermal occupation on sg-orbitals, which is disadvantageous for three reasons.
First of all this leads to fewer atoms in the upper band, since these atoms can not be
transferred. Secondly these orbitals are rapidly lowered during the first quench, which
leads to a significant amount of heating. Since the atoms on sp-orbitals thermalize with
the remaining atoms after the quench this leads to a higher temperature of the condensate
and hence lower coherence. Thirdly the occupations on sp orbitals combined with the
shallow lattice leads to s-wave coherence of the initial state. This is, however, not the
desired symmetry for the chiral condensate and hence leads to less efficient loading. In
summary, we find that it is important to choose an initial quench parameter AV <
—1.2Vy. We fix the value of AVi,;, = —1.8Vy for all further simulations.

We note that we purposely choose AV, = —0.63 V, for the X-point oscillations. For

that case it is important to have a phase-coherent initial state in order to make phase
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Figure 4.31 — Comparison of the excited band occupation n®* in panel (a) and the
condensate fraction n. in panel (b) for different equilibration times t.,. For the direct
quench we choose AV,q = AV = 0.26 V and hence there is no holding time. For
all other curves we use AV, = 0.43Vy and AV; = 0.26 V. The system is initialized
with temperature 7' = 1/2 E\../kp = 481K and all observables are averaged over 100
Monte-Carlo trajectories.

imprinting possible.

Next we consider the influence of the initial quench duration ¢;. The quench should
be slow compared to the harmonic-oscillator frequency of each lattice site we, while at
the same time being fast compared to the band splitting at the avoided-crossing point
for AV = 0. The first constraint ensures that the wave function can equilibrate within
each lattice site during the quench. The second constraint ensures that the atoms are
transferred from the first to the second band, instead of adiabatically following the first
band. For our parameters, see Sec. 4.1.2, the harmonic-oscillator frequency is we ~ 50 —
80kHz, depending on the value of AV and the site C' = A, B considered. This corresponds
to a time scale of about 10 — 20 ps. The band splitting of the lowest two bands at AV =0
is approximately 0.3 E,e, corresponding to a time scale of about Zgpiiting = 250 ps. Hence
the previously used time scale ¢; = 100 ps lies conveniently between the two constraints
10ps < t; < 250 ps. This value indeed leads to the highest coherence of the condensate
within our simulations, see Fig. 4.30. A shorter time scale t; = 1ps gives, however,
similarly good results, although being much shorter than the time scale affiliated with
the harmonic-oscillator frequency. This is to be expected since our simulations do not
treat the dynamics within each lattice site. Therefore the atoms equilibrate infinitely fast
within each lattice site and there is no lower bound on the quench duration ¢; within our
simulations. For longer time scales t; > tqyitting ~ 250 ps indeed some of the atoms remain
in the lowest band. For ¢; = 3000 ps more than half of the atoms are transferred to the
lowest band during the quench and the remaining atoms fail to condense in the upper

band. An interesting situation occurs for ¢; = 1500 ps. As t1 > teplisting S0me of the atoms
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Figure 4.32 — Comparison of the excited band occupation n°* in panel (a) and the
condensate fraction n. in panel (b) for different equilibration times ¢.,. For the direct
quench we choose AV, = AV; = 0.69V, and hence there is no holding time. For
all other curves we use AV, = 0.43Vy and AVy = 0.69 V. The system is initialized
with temperature 7' = 1/2 F\../kp = 481K and all observables are averaged over 100
Monte-Carlo trajectories.

remain in the lowest band, leading to initially lower coherence of the condensate. The
coherence decays slower, however, and at intermediate time scales the s-site correlations
are even larger than for ¢; = 100 ps, leading also to slower decay of the occupation in
the upper band. We explain this as follows: the atoms decaying from the upper band to
the lower band gain a large amount of energy and hence lead to heating. The fraction
of atoms that has been transferred to the sg-orbitals is cold compared to these atoms
and hence can act as a cooling reservoir for the remaining atoms. On intermediate time
scales this leads to lower temperatures and hence a larger condensate fraction. This has
the trade off of having fewer atoms in the upper band with lower coherence on short time
scales. For all further simulations we therefore keep the value of ¢; = 100 ps.

Up to now we have optimized the first quench that is independent of the final value
AV} which we want to achieve. Now we use the optimal parameters for the first quench
and further optimize the equilibration time t., before the second quench and the quench
duration ¢, of the second quench. We show results for two different values of AV;: AVy =
0.26 Vg and AV; = 0.69 V. The first value is smaller than the value of AV, = 0.43 V),
where we let the system equilibrate and hence the decay is mainly hopping induced. The
second value is larger than AV, = 0.43V, and hence the decay is mainly interaction
induced. A comparison of different holding times is shown in Figs. 4.31 and 4.32. For
AVy = 0.26 Vy a direct quench leads to the slowest decay of atoms to the lower band,
while at the same time reaching the highest coherence of the condensate. Reducing the
value of AV from AV, = 0.43V, to AV = 0.26V, implies lowering the energy of the
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Figure 4.33 — Comparison of the excited band occupation n°* in panel (a) and the
condensate fraction n. in panel (b) for different quench time scales t5. For all curves we
use AVyy = 0.43V, and AV; = 0.26 Vy. The system is initialized with temperature
T = 1/2 Eec/kp = 481K and all observables are averaged over 100 Monte-Carlo
trajectories.

predominantly occupied s4-orbitals. This leads to additional heating. At the same time
the condensate is similarly stable for AV = 0.26 Vo and AV = 0.43 V. Therefore there
is no benefit from waiting for condensation at AV = 0.43V,. The contrary is true for
AVy = 0.69 V. Here performing a direct quench leads to significant loss and as a result
significant heating before the coherence of the condensate in the upper band is build up
completely. It is therefore beneficial to wait for condensation at AV, = 0.43V, and then
perform a slow second quench to AV; = 0.69V,. We find that holding times of about
20 s are ideal.

We show results for different quench time scales ¢, in Figs. 4.33 and 4.34. For AV} =
0.26 Vo the quench duration does not lead to significant differences for the coherence of
the condensate and the decay time scale. In contrary, for AVy = 0.69V, we find that a
quench duration of £ = 4 ms is indeed well suited. Faster quenches result in overall lower
coherences of the condensate, while slower quenches reach lower peak coherences.

In summary, we find that the parameter set AVi,, = —1.8 Vo, t; = 100 ps, teq = 20 ms
and to = 4ms, which is inspired by Refs. [131-137|, is already well optimized. In some
cases it may be beneficial to use a slightly slower first quench #; &~ 1500 s, which leads
to a larger coherence of the condensate on intermediate time scales. Furthermore it
may be beneficial to perform a direct quench without going to the intermediate point
AVeq = 0.43 V for values AV; < 0.43 V. Finally, we make the remark that in this section
we have only generally optimized the quench protocol for high coherence of the condensate
and long condensate lifetimes by comparing a series of different quench protocols. In the

figures we have only shown a subset of these quench protocols that illustrates the general
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Figure 4.34 — Comparison of the excited band occupation n°* in panel (a) and the
condensate fraction n. in panel (b) for different quench time scales t5. For all curves we
use AVyy = 0.43V, and AV; = 0.69 Vy. The system is initialized with temperature
T = 1/2 Eec/kp = 481K and all observables are averaged over 100 Monte-Carlo
trajectories.

behavior. But of cause also the full set considered is not exhaustive and a more thorough

investigation may be helpful for specific use cases.

4.2.8. Validity cross check

As a validity cross check for the discretization of the tubes in the z-direction we compare
several different discretization lengths. In principle the results should agree for any system
with the same physical length N,d,. We show three different cases with same physical
length 25 -0.13 =~ 28 - 0.116 ~ 20 - 0.163 in Figs. 4.35 and 4.36. Furthermore we note
that we have artificially increased the steepness of the harmonic trap as compared to
the experimental parameters. We therefore also show one comparison with the same
discretization length but larger number of sites, corresponding to a larger system and
hence a shallower trap. For all cases we obtain qualitative agreement, but differences on
the quantitative level. These are likely due to being close to the limit of validity of classical
field theory using rather low atom numbers per site. Increasing the discretization length
increases the number of atoms on each site and hence improves the validity of classical
field theory. Simultaneously it reduces the bandwidth of the effective band structure

which may lead to slower decay as observed in Fig. 4.35.
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Figure 4.35 — Comparison of different numbers of sites in the z-direction N, and
different discretization lengths d, for AV,, = AV; = 0.43V,. Panel (a) shows the
excited-band occupation n®, while panel (b) shows the sum of the occupations of
the third and fourth band n® + n®. The system is initialized with temperature
T = 1/2 Ewec/kp = 481K and all observables are averaged over 100 Monte-Carlo

trajectories.
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Figure 4.36 — Comparison of different numbers of sites in the z-direction N, and
different discretization lengths d, for AV, = AV; = 0.43V,. Panel (a) shows the
condensate fraction n., while panel (b) shows the same data for shorter times. The
system is initialized with temperature T = 1/2 E,../kp = 48 nK and all observables
are averaged over 100 Monte-Carlo trajectories.
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4.3. Excitation spectra for atoms in higher bands

We apply Bogoliubov theory in order determine the many-body lowest-energy states of
the s-p,-p,-lattice in the weakly interacting limit. We show how Bogoliubov theory can
be applied to an arbitrary system numerically even if the noninteracting Hamiltonian
can not be solved analytically. We use this approach in order to confirm that the chiral
condensate is indeed the many-body lowest-energy state in the second band of the s-
P2-py-lattice. Finally, we show how an imbalance in the hopping parameters breaks the
degeneracy between the X - and X_-points and hence leads to condensation with unequal

population of the two X-points.

4.3.1. Multi-mode Gross-Pitaevskii and Bogoliubov theory

Consider a three-dimensional gas of bosons. When lowering the temperature there is a
second-order phase transition and below the critical temperature T the bosons form a
Bose-Einstein condensate. In this state the bosons condense into a single wave function
that obtains macroscopic occupation. For temperatures approaching T from below most
of the atoms are still occupying the condensation mode with only minor occupations of
other modes.

For a theoretical description of bosons at low temperatures it is therefore beneficial to
exploit the macroscopic occupation of the ground-state wave function. In some cases it
is even sufficient to only consider the condensation mode. This is the main approxima-
tion made within Gross-Pitaevskii theory. Additionally the low-energy excitations of the
condensate can be obtained within Bogoliubov theory.

There are many established descriptions of Gross-Pitaevskii and Bogoliubov theory, see
e.g. [187, 199-201]. Here we focus on the description of the multi-orbital case and the

chiral condensate.

Gross-Pitaevskii theory

Our eventual goal is to determine the ground state of the s-p,-p,-Hamiltonian, see Eqgs. 4.2,
4.10 and 4.16. An approximate solution for the ground state is obtained by solving the
Gross-Pitaevskii equation. Here we will give a brief introduction to multi-mode Gross-
Pitaevskii theory by presenting model systems of increasing complexity:.

We start with a single mode Hamiltonian with on-site interactions

Hym = Z Ekb%bk +U Z bLerprkarqbk—q . (4.37)

k k,p,q

151



4. Ultracold atoms in higher bands: the s-p,-p,-lattice

We assume that the bosons condense in the by—y mode and that this mode has large

occupation such that we can replace by—g by a complex number ¥. Then

Ho — 1> bibi = (0 — o) [0 + U]’
k

and by doing a variation with respect to U* we obtain the Gross-Pitaevskii equation
w= €+ 2nU (4.38)

where ng = |U|%. For later convenience we note that an equivalent approach is to ex-
pand around the condensation mode and require that the linear order vanishes. The

Hamiltonian expanded up to linear order around by = WV is

p> bibe = (e — W)W+ UIT[*+ > 0,0 [(eg — ) + 2U[ T[]
k k#0

+ ) 0L (0 — p) + 2U[T ] + O(B;)
k0

Demanding that the linear order vanishes indeed recovers Eq. 4.38.

Next consider the case of two modes and a density-density-type interaction term

Html - Z €k :cbk xbk z T €k ybk ybky + UZ bk+pr k— pybk-i‘q ybk q,T

k kpq

Now it is not so obvious any more which mode the bosons condense in. We therefore
perform a unitary transformation and then minimize the energy with respect to both the

condensation mode and the parameters of the unitary transformation. We use
byl [ u W by
b )  \—v w by
b\  [u" —v\ (b4
by vt b_ ’

with the constraint |ul? 4+ |v]> = 1. We then assume condensation in the mode b_ = W

and up to zeroth order in the condensation mode obtain

Hot =10 Y2 B e = (n — i) [oP N + (e — )l 122 + Ulof?fuf?| 9

k,z=xy

In order to obtain the Gross-Pitaevskii equations for this system we now not only minimize
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4.3. Excitation spectra for atoms in higher bands

with respect to the condensation mode ¥*, but also with respect to the parameters of the

unitary transformation v* and v*. We obtain

0H
sge = 0= [(ere = w0l + (eny — w)luf® + 20 o ul’ 0[] (4.39)
O _ |2 — Ulv|?|P|? 4.4
s = 0=ul ¥ [(eky — p) + Ulp*| O[] (4.40)
6H
&ﬂ:o:vmﬁﬁ%fqo+Ummmﬂ . (4.41)

Equation 4.39 is redundant and hence we obtain

(€ny — 1) + U2 (4.42)

0
0= (ere — ) + U?|¥> . (4.43)

An alternative procedure giving the same results without having to apply the unitary
transformation is to immediately assume the condensation modes b, — V¥, and b, — ¥,.
We then obtain

Hiypr — 10 Z b bkz: €z N)l‘I’x|2+(ey_ﬂ)“l}y|2+U|\ij|2|\IIy’2

k,z=z,y

and the variation with respect to ¥, and ¥, yields

§H
5z = 0= Ve lee —n+UI0[]
6H

—=0=U, [, —pn+ UV, "] ,
5\1121 y[y }

which is equivalent to Eqs.4.42 and 4.43.
Next we consider a two-mode Hamiltonian with a density-density- and a pairing-type

Interaction term

Hymo = Z €k wb£ xbk et Ek,ybl,ybk,y +U Z bL xbg k xbp@bq—p,:c +U Z bL yb:; k ybp,ybq—p,y""

kpq kpq

UQE :bkazq k.x pyq py+U2§ :bkyq kypxq DT

kpq kpq

For U; = 0 the two modes decouple and the Gross-Pitaevskii equation for each of them

is simply

on = 60+27IOU

153



4. Ultracold atoms in higher bands: the s-p,-p,-lattice

For U; > 0 the two modes couple. The phase of one of the two modes can be chosen
arbitrarily. We make the assumption by—o, = /N, and by—o, = , /nyei‘z’, with real ng,.

The grand-canonical potential becomes

Hipo — 1 Z bz,zbk,z = (€x — p)ny + (¢, — p)ny, + U (ni + nZ)

k,z=zy
+ 2Un,ny, cos(2¢) (4.44)

and the Gross-Pitaevskii equation is now

€00 — ft + Uny + Ugnye®™® = 0
€0y — p + Uny + Usnge®® =0

Taking the imaginary part of these equations we immediately see that ¢ = 0 or ¢ = +m/2.
Inserting into Eq. 4.44 we find that only ¢ = 4+7/2 is a minimum of the energy. Hence

the condensation mode is

NOPESNo» (4.45)

and we have identified the interaction term that gives rise to the relative phase of 4 that

also occurs for the chiral condensate.

Bosonic Bogoliubov theory

Bogoliubov theory can be applied to both bosons and fermions. In this thesis we will apply
it to bosons only and hence we limit our considerations to this case. Bosonic Bogoliubov
theory computes the possible excitations of the condensation mode obtained from Gross-
Pitaevskii theory. Hence it gives the spectrum of the weakly interacting system. It is
well known for its application to the weakly interacting single-mode Bose Gas, see e.g.
[201]. The main steps of Bogoliubov theory involve the approximation that most atoms
are condensed with only a small thermal fraction. This leads to a Hamiltonian quadratic
in the creation and annihilation operators. For the weakly interacting single-mode Bose
Gas the resulting Hamiltonian is 2x2 and can easily be diagonalized analytically. In
the diagonalization it is crucial to ensure that the resulting diagonal modes are still
bosonic, i.e. the resulting creation and annihilation operators fulfill bosonic commutation
relations. For bosons this implies that the matrix diagonalizing the Hamiltonian need not
be unitary. For more complicated cases (such as the s-p,-p,-condensate), where it is not
possible to analytically diagonalize the Bogoliubov matrix, it is therefore not sufficient

to use standard diagonalization routines for the Hamiltonian. Instead we will follow an
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approach presented in [202, 203| that allows for the numerical diagonalization of quadratic
Hamiltonians.

We start, however, by revisiting the simplest case of single-mode Bogoliubov theory.
In contrast to standard textbooks, see e.g. [201], we will work in the grand-canonical
ensemble instead of the canonical one. In other words we allow the exchanges of particles
with a bath and therefore explicitly introduce the chemical potential. Consider the grand-

canonical potential
Hyp = bibe
k

where H,,, has been defined in Eq. 4.37. We assume condensation in the mode by = ¥ =

/ng and expand to quadratic order in the creation and annihilation operators

Hgp — quLbk ~ (€o — p)ng + Ung + Z(ek — )bl by,
k

k=0
+4Ung Y b+ Uno > (bl + i) (4.46)
k#0 k#0

Here we have already used the fact that the linear order in the creation and annihilation
operators vanishes when ng fulfills the Gross-Pitaevskii equation. In the canonical en-
semble it is common to proceed by replacing the condensate density ng by the difference
of the total particle number and the number of excitations. As we are working in the
grand-canonical ensemble the total particle number is not fixed and one approach is to

use the Gross-Pitaevskii equation in order to determine the condensate density

B —¢€o
2U

Ng =

The equations for the Bogoliubov energies look more familiar, however, when keeping the
condensate density and instead replacing the chemical potential in Eq. 4.46. We therefore
take this approach, while keeping in mind that the condensate density is actually fixed
to the chemical potential by the Gross-Pitaevskii equation. We obtain for Eq. 4.46,

neglecting a constant energy offset,

T
1 bl — €+ 2U 2U b
H.. _Mzbzbk ~ _Z k €x — €0 T+ 2Ung ng Tk
& 2 b,k QUTLO €_ — €+ 2Un0 b—k

k0
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This Hamiltonian is diagonalized by the Bogoliubov transformation
b
Tk —U Br ’
bfk ﬁ—k
where U = (uk Uk)
Uy U

. —Ek + (Ek — €y + 2Un0)

2
Y 2Ex
02 _ Ek -+ (Ek — €p + 2Un0)
F 2E),
UTLO
UV = _E_k

E, = \/(ek — €0+ 2Ung)? — 4U2n2

and |vg|* — |ug|* = 1. The resulting grand-canonical potential is

Ut (Hsm -y %) U~r Y EBLB
k

k40

and hence FJ, is the energy of the quasi-particle excitations of the condensate.
For illustrative reasons we will now obtain the same solution using the approach de-
scribed in [202] in chapter 3. We rewrite

Hsm_:uzbzbk%}lz<a-r G)Msm <a> s
k

k0 af
€, — €0 + 2Uny 2Unyg
€_r — €0+ 2Ung 2Uny
2Uny €x — €0+ 2Ung
2Ung €_ — €0+ 2Unyg

b
and az( k)
b_i,

It is shown in [202] that such a Hamiltonian can be diagonalized by diagonalizing nM

with
(1 0
A

The resulting diagonal Hamiltonian then has twice Ej and twice —FEj on the diagonal.

where M, =
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Hence we obtain the same quasi-particle excitations as in the previous analytical approach.

We turn a more complicating case: the two-mode Hamiltonian with pairing-type in-
teractions Hy,,s. From Gross-Pitaevskii theory we know that condensation occurs in the
mode /n; £1i,/n,, see Eq. 4.45. Furthermore we know that the linear order in the oper-
ators must vanish for the condensate. Hence the next nonvanishing order is quadratic in

the operators and we obtain for the Bogoliubov matrix

bt T b
k,x
1 1 bT bk,y
Himo — p1 E by.bx ~ B oy Mz | of ;
T
k b b*k,y
where
th2 -
€k, x—€0,z+2Ung+2U2ny 4iUs /Mgy 2Ungz—2Uany 0
—4iU2\/Mzny e;my—eo,y—|—2U7Ly—|-2U2ngC 0 —2Uny+2Uzn;
2Ungz—2Uany 0 €_,z—€0,z+2Ung+2U2ny —4iUs \/nzny
0 —2Uny+2Uzn, 43Uz /My €_k,y—€0,y+2Uny+2Usn,

While it is difficult to analytically determine the Bogoliubov transformation diagonalizing
this matrix we can still numerically diagonalize 1M;,,» and thereby obtain the eigenener-
gies and -states of the excitation modes. To do so we again increase the size of the matrix
to include the modes (Byo by bogs boy B, b, g, bf,,)and then apply the
procedure described in [202].

The last case we consider is also the most general one: an arbitrary multi-mode system
with a general interaction term. We assume that the noninteracting Hamiltonian Hy, non—int

is — for each momentum k — diagonalized by a unitary matrix Uy, such that
Dk,non—int = Z €k,r ?{j,rTb;g"r
T

is diagonal. Here by, = Uy by s and 7, s are indices denoting different modes (e.g. s-, p,-

and p,-orbitals). We write the interaction term of the Hamiltonian as

Hi =U Z blt,rbz—hsbp,tbq—p,u +he

kpq

where r, s,t,u may denote arbitrary orbitals.

First we need to determine the condensation mode. We could do this by solving the
Gross-Pitaevskii equation analytically, as presented above. This approach is, however,
not possible if the diagonalization of the noninteracting Hamiltonian is only known nu-

merically. Therefore we make an assumption for the condensation mode with variable
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parameters and then minimize the energy of the condensation mode numerically. With-
out loss of generality we can assume that the atoms condense in the mode ¢y ~ /no,

where
bir = (Wier)r = Wirscrs = (Ui Vieer)r

Note that we have introduced an arbitrary unitary transformation V here that allows
for condensation in linear combinations of different noninteracting eigenmodes. We will
indeed need this for the chiral condensate, since the atoms condense in a superposition of

the Bloch functions at X, and X_. We can now write the interaction term as

_ * * A
Hine =U E , W oWk jsWoinWo—p,um Ck,iCq—k,jCpnCq—p,m + h.c.

kpq,ijnm

For the full Hamiltonian we obtain to zeroth order in the excitation operators

* 2 * *
Hnonfint + Hint ="y E 60,7“‘/0707»%,7”0 + Un() (Woy[)rW(),[)SWO,tOWO,uO + C-C-)
r

We obtain the mean-field ground state, by parametrizing V' appropriately and minimizing
the above equation.

Our next goal is to construct the Bogoliubov Hamiltonian. For the Bogoliubov Hamil-
tonian we need to gather those terms where exactly two of the operators are evaluated in

the condensation mode, hence

Hing = Ung E {Wk,anO,Oku,thO:UO CknCh,m + Wk,anO,OsWO,tOWk,Um CenCh,m

kpq,ijnm
+ WO,Oer,nkuimWO,UO Ck,nck,m + WO,Oer,nsWO»tOWka Ck,nck:m

+ Wk,m"W— WO,tOWO,uO Ck,nc—k,m + WO,OTWO,Oku,th—k,um CkenC—k,m + h.c.

k,ms

The full Hamiltonian can now be rewritten in matrix form as

T
o alk) 0 0 (k) o

H,, ~ Y .y 0 al=k) 7"(k) 0 ok (4.47)
4 —| o 0 (k) o*(k) 0 cl
C_k (k) 0 0 o (—k) .

where ¢ is a vector with components

(Ck>n = Ck,n
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and

* * * * *
i (K) = 3 6 Vi Virm + (Wi Woo Wi Wowo + Wi Wet0.Wo 0 Wim

T

* * * *k
W0 Wi s WimWo o + Weor Wi s Wo i Wi um + c.c.>

fYnTHI(k‘I) = Wl;k,anjk,msWOJOWQUO + Wl;k,nstk,erO,tOW(]yUO
+ W(]yorW()j()sW,:’thj + WO,OT‘WO,OSW]:;:unij7tm . (448)

k,um

If the interaction Hamiltonian is a sum of multiple terms, we apply this procedure to
each of them individually and the Bogoliubov Hamiltonian is the sum of the individual Bo-
goliubov Hamiltonians. The resulting Bogoliubov Hamiltonian can then be diagonalized
numerically again following the procedure from [202].

Hence we have developed a formalism that numerically obtains the Bogoliubov eigenen-
ergies and -functions for an arbitrary multi-mode Hamiltonian. In particular, the formal-
ism can also be applied to cases where the diagonalization of the noninteracting Hamil-
tonian is only numerically feasible. This is the approach we take for determining the
symmetry and excitations of weakly interacting condensates in the s-p,-p,-lattice.

We make two final remarks: The first is that the form of the Bogoliubov Hamiltonian

in Eq. 4.47 is redundant. In fact, we can reduce it to

C Un~ () (o) ) ) (@
Hom ~ = Zk:<c_k> (W’f) a*(—k)> (CT)

For the Hamiltonian in Eq. 4.47 each of the eigenmodes we obtain will be four-fold de-
generate, instead of two-fold.

Our second remark is that it is important to symmetrize the interaction terms that
contribute to v, (k) in order to ensure that the Bogoliubov Hamiltonian is hermitian.

Let us illustrate this using a simple example. Consider

H=> (e — m)bfbr + > Ukpgbfbl_1bybe—p + hec.

kpq

k
= Z(Ek - M)bitbk + Z(Ukpq + ;kq)bzb(g—kbpaq—p
k

kpq

Using the Bogoliubov approximation we obtain
H ~ Z(€k — M)bzbk + Z {QRG (Ukkk + Uor + Ugrr. + UOOk) bLbk-i-
k k

(Usoo + Ugpo)bbL ), + (Uoro + U;joo)bkb_k}
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Figure 4.37 — Noninteracting band structure for the s-p,-p,-lattice for AV =
—1.8Vy. Panel (a) shows the lowest four bands, while panel (b) shows only the
lowest band. We use the tight-binding parameters computed in Sec. 4.1.2.

We note, however, that we could also rewrite

> Uk + Ugo)bib' 4 =D (U-ko0 + Us_10)bib" 4
k k
and, when then writing the Hamiltonian in matrix form, the individual k-sections would
not be hermitian any more. The safest way to proceed is therefore to symmetrize these

parts of the Hamiltonian in the form

1 * *
Z E(UkOO + UOkO + U—k,O,O + U()’_k’())blbik
k

This is the approach we took for writing Eq. 4.48°.

4.3.2. Numerical results

Here we present the results for the calculation of the excitation spectra of atoms in
the s-p,-p,-lattice. We follow the procedure presented in the previous section on the
calculation of Bogoliubov spectra in order to obtain the effective excitation spectra for
weak interactions. For comparison we also show the band structures of the corresponding

noninteracting systems.

Band structure and excitation spectra for AV = —1.8V,

First we consider the band structure for AV = —1.8Vy, see Fig. 4.37(a). This is the

value where we load the atoms in the first band. This band is predominantly occupying

9Note that the extra factor of 1/2 has been included in Eq. 4.47 already.
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Figure 4.38 — Bogoliubov spectrum for the lowest band of the s-p,-p,-lattice for
AV = —1.8V,y. We assume condensation at the I'-point of the lowest band and use
the tight-binding parameters computed in Sec. 4.1.2. All interaction parameters are
scaled by the factor 0.1.

the s-orbitals of A-sublattice sites and has its minimum at the I-point, see Fig. 4.37(b).
The second band is mainly occupying the s-orbitals of B-sublattice sites, while the third
and fourth band are nearly degenerate and have p-orbital character. Here we assume
condensation at the I'-point of the lowest band and compute the corresponding Bogoliubov
spectrum, see Fig. 4.38. In order to remain in the weakly interacting regime we reduce
all interaction parameters and use only 10% of the values computed in Sec. 4.1.2. The
spectrum obtains the characteristic linear onset that indicates the superfluidity of the
condensate. From the slope of the linear onset we can estimate the sound velocity to be
3-107°ms~!. Furthermore we find that the bandwidth of the lowest band is significantly
increased by interactions to 9 - 1073 E,.., as compared to the noninteracting value of
1073 Frec.

Band structure and excitation spectra for AV = 0.6V,

Next we consider the condensate after the atoms have been transferred to the second
band. Here we exemplarily consider the point AV = 0.6 V. At this point atoms in the
first band mainly occupy s-orbitals on B-sites, atoms in the second band mainly occupy
s-orbitals on A-sites and atoms in the third and fourth band mainly occupy p-orbitals on
B-sites. The noninteracting band structure for the lowest four bands is shown in Fig. 4.39.
We see that while the first band still has the minimum at the I'-point the second band has
the minimum at the X-points and the third and fourth band have a degenerate minimum
at the M-points.

From Sec. 4.2.6 we know that the many-body ground state mixes the Bloch functions
|th4) at the X, and X_ points. Our setup for Bogoliubov theory can only mix eigenstates

at the same momentum. We therefore apply a trick in order to circumvent this restriction:
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Figure 4.39 - Noninteracting band structure for the s-p,-p,-lattice for AV = 0.6 V.
Panel (a) shows the lowest four bands, while panel (b) shows only the first, panel (c)
only the second and panel (d) the third and fourth band. We use the tight-binding
parameters computed in Sec. 4.1.2.

we increase the size of the unit cell artificially, choosing the unit vectors 2e, and 2e,. This
backfolds the band structure, such that we obtain a total of 16 instead of 4 bands and
both the M- and the X-points are mapped to k = 0. We show the noninteracting band
structure of the four bands that arise due to backfolding of the previous second band in
Fig. 4.40(a).

presented in Sec. 4.3.1 we now assume a general unitary transformation of the type

V— (sin(G) —cos(9)§i¢>
cos(f)  sin(f)ei®

with arbitrary parameters € and ¢. The many-body ground state then mixes the wave

We assume condensation at k = 0 of the lower two of these bands. As

functions at the X - and X_-points as

(0, 6)) = cos(8) [¢h1) + sin(6) |y_)

We find that the values # = 7/4 and ¢ = £7/2 minimize the Gross-Pitaevskii energy
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Figure 4.40 — (a) Backfolded noninteracting band structure for the s-p,-p,-lattice
for AV = 0.6 Vy. We use the unit vectors 2e, and 2e,, such that both the X- and
the M-points are backfolded to the I'-point. We show the four bands that correspond
to the second band from Fig. 4.39 and shift the energy, such that the minimum is
at £ = 0. (b) Corresponding Bogoliubov spectrum. We assume condensation in the
mode ¢, ) = |[x) + i|txs). For both panels we use the tight-binding parameters
computed in Sec. 4.1.2. All interaction parameters are scaled by the factor 0.2.

and hence confirm the many-body ground state |Z4) = 1/v2(|¢,) £i|¢_)). We show
the resulting Bogoliubov spectrum for |=,) in Fig. 4.40(b). The degeneracy of the bands
is lifted by the interactions. The lower band has a linear dispersion relation and the
corresponding sound velocity is 2 - 1074 ms™!.

Finally, we lift the degeneracy of the X - and X _-points by introducing an imbalance
between J, in the k,- and ky-direction. In fact, we choose a finite value of the parameter
s, that has been introduced in Eq. 4.9. We show the condensation mode as a function of
imbalance in Fig. 4.41. For finite imbalance the minimum of the Gross-Pitaevskii energy
is obtained for a state with unequal weight on the X ;- and X_-points, hence 6 # /4.
In fact, 6 increases monotonically from § = 0 at s; = 0.978 to § = 7/2 at s; = 1.022.
Throughout this entire regime ¢ = +7/2. For s; < 0.978 only the X, -point is occupied
and 6 = 0, while for s; > 1.022 only the X_-point is occupied and § = 7/2. In both of

the latter cases the angle ¢ is undetermined.
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Figure 4.41 — We introduce an imbalance in the s-p-hopping parameters and plot
the parameters minimizing the Gross-Pitaevskii energy as a function of imbalance
parameter s;. We only show ¢ for 0 < 6 < 7/2, since ¢ is undetermined for § = 0
and 0 = /2.
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5. Summary and Outlook

In this thesis we have studied three different examples of unconventional order in quantum
systems. We have first studied dissipative solid-state graphene driven by circularly polar-
ized light. In contrast to the high-frequency non-dissipative limit we have found that the
Hall conductivity has opposite sign for low-frequency driving and its magnitude depends
on the interplay of dissipation and driving. Nevertheless a major contribution to the Hall
conductivity is obtained by weighting the Berry curvature of Floquet bands with their
respective occupations. Hence our theoretical formalism represents a new approach to the
application of periodic driving to solids and presents an interpretation of the experiments
presented in Ref. [86]. We have considered the limit of increasing the driving frequency
by orders of magnitude while keeping the gap at the Dirac point fixed and find that the
resulting steady state is a high-temperature state with almost equal occupation in the
lower and upper Floquet band. Only for low dissipation or short times the contribution
of the Dirac point recovers the result expected in the high-frequency limit.

Our formalism is particularly well suited to the case of small dephasing-type dissipation
(large decoherence time scale T»). We do observe deviations of about 20% for larger
dephasing-type dissipation. For future work it will therefore be interesting to extend the
concepts of geometry and topology, such as Berry curvature, to dissipative systems. We
expect such a formalism to yield even better predictions for stronger dissipation.

Another interesting extension of our work would be to consider the edge states of the
periodically driven dissipative system. For undriven topological insulators there is the
bulk-edge correspondence that relates the Chern number of the bulk to the number of
edge states. It is an open discussion whether a similar relation holds for dissipative
driven systems. Within our work we have found that the resonant drive leads to signif-
icant excitation in the bulk. Even for high-frequency off-resonant driving the interplay
of dissipation and driving leads to a high-temperature steady state and vanishing Hall
conductivity. Still it is an interesting direction for future work to investigate whether it
is possible to probe the transport of edge states. A similar scenario has been proposed in
Ref. [204].

In the second project we presented a method that allows an efficient detection of topo-

logical defects in the hexagonal lattice, which is also the underlying lattice structure for
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graphene. The method is based on a periodic lattice modulation before performing a
time-of-flight image. The resulting interference pattern gives direct access to the relative
phase of the two sublattices of the hexagonal lattice and the emerging phase winding iden-
tifies topological defects. This has been used in Ref. [N1]| to experimentally measure the
merging transition of Dirac points in the hexagonal lattice. Our method can be straight-
forwardly extended to almost any lattice with two lattice sites per unit cell. In principle
it could also be interesting to consider lattices with more than two lattice sites per unit
cell. While we still expect our method to be applicable, the resulting equations will likely
get rather complicated. An even more interesting direction for future work would be the
extension to angle-resolved photoemission spectroscopy (ARPES) in solids. In fact, time-
of-flight images in ultracold atoms are closely related to ARPES in solids. Here the main
challenge lies in identifying an appropriate alternative to the periodic lattice modulation.

In the third project of this thesis we have presented a new mechanism for metastability
where destructive interference leads to the inhibition of relaxation. In our case the chiral
order of a Bose-Einstein condensate in the second band of a staggered square lattice in-
hibits decay to the first band. The condensate itself shows perfect destructive interference
and hence is a dark state with infinite lifetime. Only the thermal fraction of atoms leads
to decay on longer time scales. We have studied the underlying decay mechanisms and,
depending on the relative depth of the two sublattices, identified either hopping-induced
or interaction-induced decay as the main relaxation mechanism. We have confirmed the
destructive interference due to the chiral order of the condensate for both relaxation mech-
anisms. Our classical-field-theory simulations agree well with experimental results from
the group of Prof. Andreas Hemmerich [N3|.

Along a different route we have considered the coherent instanton-type oscillations that
emerge when preparing the atoms at only one of the two degenerate X-points of the
lattice. We find oscillation frequencies comparable to the ones obtained in experiments
from the group of Prof. Andreas Hemmerich [N4].

For future work it will be interesting to combine the two approaches of this thesis and
consider p-orbital order in the hexagonal lattice [205]. The threefold rotational symmetry
of the hexagonal lattice combined with the orientation of the p-orbitals will lead to similar
frustration phenomena as for spins on a triangular lattice [72]. Also it will be interesting

to study the interplay of topological properties of the hexagonal lattice and orbital order.
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A. Appendix

A.1. Variational Monte-Carlo minimization

Here we describe the variational Monte-Carlo minimization procedure that we use in
order to initialize the system for our (S)PGPE simulations, see Sec. 4.2.1, as well as
for adjusting the tight-binding parameters of the s-p,-p,-lattice that are not fixed by
symmetry considerations, see Sec. 4.1.2.

The goal of variational Monte-Carlo is to optimize a set of parameters p with respect
to a given minimization function Fyc(p). This is achieved by iteratively improving the
parameter set by performing a number Ny of Monte-Carlo steps. In each step a new set
of parameters p,, is obtained by applying a random variation to the previous set p,,_1. The
new set is then accepted and used for the next iterative step if Fyc(pn) < Fuvc(Po—1). If
this is not the case the new set may still be accepted with a certain probability. This last
aspect of Variational Monte-Carlo ensures that it is possible to leave local minima.

The initial set of parameters pg is usually chosen by an educated guess. In each Monte-
Carlo step we first determine the new set of tight-binding parameters p, by adding a
normal-distributed random value to each parameter of the previous set of parameters
Pn_1. The normal distribution we use has 0 mean and width oyc.

We evaluate the minimization Functional Fy¢ for both the new and the previous set

of parameters and compute the difference

AFvc(n) = Fuc(pn) — Faic(Pn-1)

If it is positive we always accept the change of parameters and hence use p, as the
starting point for the variation in the next Monte-Carlo step. If AFyc(n) is negative we
still accept it with probability e®MoA7mec(®) If the parameter set is rejected we use the
last accepted set of parameters as the starting point for the next Monte-Carlo step, i.e.
we set p, = p,_1. Here Byc = 1/(kpTuc) is the inverse Monte-Carlo temperature. It
determines how wide of a regime in parameter space is explored "uphill’ (i.e. for increasing
Fuc) of the current parameter set.

During the whole procedure we save the set of tight-binding parameters that has the
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overall lowest Fyc(p).

The Monte-Carlo minimization works most efficiently if the average acceptance rate of
the changes of parameters is close to 50%. We ensure this by adjusting the variance oy
of the parameter changes accordingly. This is done by computing the acceptance rate
every 50 Monte-Carlo steps. If the acceptance rate is below 35% we divide one by 2 and
if it is above 65% we multiply onc by 2.

The success of Variational Monte-Carlo depends crucially on the choice of the inverse
Monte-Carlo temperature fye. If it is too large 'uphill’ changes of the parameters are
highly unlikely and hence we get stuck in a local minimum. If it is too small it is equally
likely to go "uphill’ than ’downhill” and the method has no advantage compared to just
randomly sampling all parameter set. In practice it is often helpful to perform an an-
nealing procedure of increasing fyc (or equivalently decreasing Ty). This is also the
approach we take here. The value of B¢ is increased from Aiitial to glinal  The first 20%
of the Monte-Carlo steps are done with giitial - while the final 20% are done with gfiral.

In between we choose

final ) (n—0.2Nnic) /(0.6 Nyvic)

ﬁn __ Qinitial MC
MC — MMC 5initial
MC

A.1.1. Initial state for (S)PGPE simulations

For all results shown in Sec. 4.2 we use Variational MonteCarlo in order to fill the initial
state. Here the set of Monte-Carlo parameters is the set of complex-valued fields on each
lattice site 3; = x; + 1y; and the minimization function is the energy of the corresponding
lattice state. We start from an empty lattice (5; = 0 for all 7) and perform Ny = 50000
Monte-Carlo steps. In each step we vary the complex fields on all lattice sites before
comparing the energy of the resulting state with the previous. Initially oy = 1 and

initial — 1. The final Monte-Carlo temperature is fixed by the temperature of the desired

initial state Tyic =T

A.1.2. Determining tight-binding parameters

In Sec. 4.1.2 our goal is to obtain a consistent set of tight-binding parameters for each
value of 6 between 0.357 and 0.5697 (corresponding to —1.8Vy < AV < 0.86Vy). We
do this by minimizing the energy difference between the tight-binding and the Bloch

bands at certain symmetry points. Hence the parameter set for the minimization are the

170



A.2. Equations of motion

tight-binding parameters and our minimization function is
th Bloch
Fucp) =Y _w- 1By — BV
b,i

where Elg’tib) is the energy of the tight-binding bands, EISE.’IOCh)

bands, b is the band index and ¢ runs over the set of symmetry points. For our case we

is the energy of the Bloch

consider the I'-; M- and X-point, as well as the point have way in between I' and X.
We only consider the difference for the lowest four bands i = {1,2,3,4}. For the weights
we choose wy; = wy = 2 and w3z = wy = 1 since in our simulation the atoms are mostly
occupying the lower two bands.

We sample 100 values of 6 evenly spaced in the interval 0.357 < 6 < 0.5697. For

0 = 0.357 we use the following set of initial tight-binding parameters

V! =1.66 Ecc
Jop = 3.20 - 107" Epec
J& = —1.59 107" B,

J, = —=342-10" P E,ee

and optimize the values according to the Monte-Carlo minimization described above. For
each subsequent value of # we use the optimal set of the previous #-value as the initial
parameters for the Monte-Carlo minimization. This ensures that the hopping parameters
are smooth when varying #, which is important for our simulation of experiments with
dynamic changes of 6.

For the results shown in Fig. 4.9 we have used a total of Ny = 107 Monte-Carlo

steps. Our initial value of oy = 0.001, and the initial and final values of Sy are
Binitial — 1()/ e and B3l = 1000/ Eree.

A.2. Equations of motion

A.2.1. PGP-equations

Here we give the full set of equations used for our PGPE calculations

dbs r

sV . - 7d

T = ZJss E bs,Ri+Rj + ZJSS E bS,R¢+Rj
Rj=%e;,tey Rj=%e}/2,%e) /2
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+ ZJz Z bs,RH»Rj

Rj =:|:62

+ iJspsz,Ri—e;/Q - l.Jsp,wbx,R,-—&-e;/Q + iJspy by,Ri—e’y/Q - iJsp,yby,Rﬁ-e;/Q
—i(Vs — p)bs g, — iUAY! g bsm,bsm, for R; € A

dbsr, . . 1d
T = ZJ;S Z bS,RH-Rj + Z‘]ss Z bS,Ri-f-Rj
Rj=%e;,tey Rj==e}/2,%e /2
+ ZJZ Z bS,R¢+Rj
Rj==*e.
+ ZJgpz (bx,Rifez + bx,Rifey - bm,RiJreI - bx,R,‘+ey)
- 1d
+ ZJspy (bvai‘i‘ez + byaRi_ey - bnyi_ez - bnyi‘i‘ey)
. ) 1
— i (V] = p)bsr, —iUp [bE,Ribs,Ribs,Ri + 519;1»% (bz R,z R, + by ROy R,)
+ (bl mber, + b g by, ) b, | for Ri€ B
dbor, | |
d—;f - ZJsp;,;bs,Ri—i-e;/Q - ZJsp,g;bs,Ri—e;/Q
i), > buraw, | +idL > bymaw,
R;,=te;,t+ey Rj=%e;, ey
+ido | D baraw,
Rj=*e.
+ ngpz (bs,RH—ex + bs,RH—ey - bs,Ri—e,C - bs,Ri—ey)
/ b : St b Ly b bl g bsr, | b
— (Vo — p)bar, — ZUB[ 1lerber + 5by R OyR + bR OsR, | Do
. (1 1
+ bz,Ri Zby,Riby,Ri + §bg7Rib57Ri } for R, € B
db,n, |
# = stpybs,R¢+e’y/2 - ZJsp_ybs,RqL—e’y/2

+idj, > bymrow, | TiJL > bamaw,

R;=te;,tey Rj=*e;,tey
+iJ. E : by,RH-Rj
Rj==xe,

- 7d
+ ZJspy (bS,Ri*ez + bszi+ey - bS:Ri+ez - bS,Rz‘*ey)

. . 3 1
— z(Vy — ,U/)bx,Ri — ZUB|: (z_lb;r’vRiby’Ri + §bL,Rib%Ri + bl,RibS7R¢> by,Ri
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1 1
+ bL,R7 (be,szm,Rz + §bs:Rib57Ri) :| for Rz c B ,

where g is the chemical potential.

A.2.2. SPGP-equations

Here we give the full set of equations used for our SPGPE calculations

dxs R; E
A d
T - _JSS E y87Ri+Rj - ‘]ss E : ys:RiJFRj o JZ ys’RiJer
R,=+e, e, R;=xte),/2,xe) /2 Rj=%e;
— Jop. Yz Ri—e,/2 + Jsp_ Yo Ritel /2 — ‘]sz)yyy,Ri—e;ﬂ + szyyy,RiJre’y/?
2 3
+ (Ve = ) Ysr, + Ua (22 g, Ys R, + Ysr, — Ysr,) for Ri€ A
dys R;
A d
T = ‘]88 E xS,Ri-‘er + Jss E : 'TS,RH‘RJ' + JZ z : xsziJ"Rj
R,;=+e,,+e, R;==e),/2,%e) /2 Rj=*e.
+ Jsp:cxx,Ri—e'z/Q - JSp—a:x%Rz“f‘e/z/z + ‘]Spyx%R’i_egf/Q - Jsp,yxy,Ri—i-e;/?
2 3
— (Vo =) s, + Ua (s R Yo, — Tegr, T Tsr;) for Ri€ A
dxs R; E
sl ! d
T - _JSS § Ys,Ri+R; - Jss E : YsRi+R; o JZ YsRi+R;
Rj=xe;,Tey Rj=%e} /2,%e} /2 Rj=*e.
+J ( + — -
Pz ym,Ri—i-ex ym,Rﬁ—ey ny,Ri_ex yﬂ?,Rz‘—ey
d
+ Jspy (yy7Ri—eac + Yy Ri+ey — Yy,Rite, — yvai—ey)
/
+ (Vi = 1)ysr,
2 3
+ UB |: (x57Rin,Ri + ys,Ri - ysyRi)
1 2 2 2
+ 5 (ys,RiyxVRi + TsR; Tz R; Yz, R; — yS,Rixa:,Ri)
1 2 2 2
+ 5 (ys,Riyy,Ri + 2T R, Ty, R; Yy, R; — ys,Rin,Ri)
2 2 2 2
+ UsR, (xvai +Yr TR, T YyRr — 1) } for R, € B
dys R;
s ! d
T - Jss E TsRi+R; | T Jss E TsRi+R; | T J : : TsRi+R;

Rj=%e;,tey R;=+e} /2,%e) /2 R;=*e,
d
- Jspz (mx,Ri+ez + Tz Ritey, — LaRi—e; — xx,Rifey)
d
- JSpy (xy»leez _'_ xy:Rerey - xy’R7,+eI - :Cvazfey)

- (‘/s/ - N)xS,Ri
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2 3
+ Upg (—:U&Riys’Ri — TR, — x&Ri)
1 9 5 )
+ 2 (%,Riyx,Ri — 2YsR; Tz R; Yz R; — JTS,Ril’x’Ri)
+ 5 (o in, -2 - e
2 Ts,RiYy R, YsR; Ty R; Yy R; — TsR; Ly R,

dxx,Ri
dt = _‘]pryS,Ri+eg/2 + Jspfzys,Rifeg/Q - Jz Z yx,RH-R]-
Rj::l:ez
e | D0 werem | | DD wmew,
Rj::tezviey Rj::i:ex,:l:ey
+ Jgpx (ys,Ri—eI + YsRi—ey — YsRi+e, — ys,Rﬁ-ey) + (‘/x — [jl)ygj,Ri
3 .
1 ) , 1
+ §ymsz xy,Ri + yy,Ri - 5
1 9 )
+ 4_1 (ym,Riyy,Ri + Qxx,Rixy,Riyy,Ri - xyVRiyLRi)
1
+ 5 (ym,RiyiRi + 2xm,Rixs,Riys,Ri - xi,Riyz,Ri)
1
+ Yz R, <x§,Ri + yiRi — 5) } for R, € B
dt = JspaLsRite, /2 — Jspfzxs,Ri—eg/Q + Jz Z Tz R;+R;

Rj=*e.

t I > Tumrew, |+ > Tyrow,
Rj=%*e;,Tey Rj=%e;,fey

d
- ‘]spm (xs,Ri—ex + xs,Ri—ey — TsRi+e; — xs,RH—ey) - (‘/;c - ,U/)xx,Ri

3

+ Us [Z (—t2rYom, — Tog, + T2R,)

1
2 2
SYzR, (5 ~TyR; ~ YyR,

1
2

+ 1 (en i, 2 - rondn)
4 Tz, R; Yy R, Ty R; Yz, R; Yy, R; — T2, R; Ty R,
5 (rontn, =2 - anton)
5 Lz,R;Ys R, Yz R; TsR;YsR; — TsR;Ta,R;

1
+ Tz R, <§ - xi,Ri - yim) } for R, € B
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dz
y,R;
dt _Jspyyszi-f-eg//Q + Jsz)_yys,Ri—e;/Q - J, E Yy R;+R;
Rj=*e.
- JHvy : : yvai‘i’R]’ - JJ— E yw,Ri+Rj
Rj=*e;,tey Rj=*e;,Tey

+ Jgpy (ys,Ri+ez + ys,Rifey —YsR;,—ex — ys,Ri+ey) + (‘/y - /vb)yy,Ri

3

+ UB |:Z (x;Riyvai + yS,RZ - ynyi)
1 , , 1

+ §yyaRi :L‘x,Rq; + yl‘,Ri - 5

+ (yy,Riyz,Ri + QIZJ,Rix&?,Riy&?,Ri - xi,Riyy,Ri)

+

DO | = |

2 2
(yy,Rz’ys,Ri + 2xy7Rix37Riy57Ri - xs,Riy%Ri)

1
+ Yy R; (miRi + yiRi — 5) ] for R, € B

dt spy Vs Rite;, /2 — JSp—ny’Ri—e'y/z +J E : Ly, Ri+R;

Rj=*xe.

Rj=+e,,te, Rj=+e,,te,

d
- Jspy (xS,RHrez + TsRi—ey, — LsRi—ey; — :L‘S,Ri+ey) - (‘/y - M)$y,Ri

3
+Us {Z (_xy’Riys»Rz‘ B x;Ri + xvaz')

1
+ gt (5 - otn ~12n)

1
2

+ ! (z ’R — 27 — Ty R, 7o R,)
4 y7Rly$,R'L valyy7Rlyx>Rl y,R; z,R;
! (x 2h =2 x —2lg )
2 yR:iYs R, Yy.R;Ts,R;Ys,R; s,;R;Yy,R;

1
+ Ty R, (5 — iR, — y?,Ri) ] for R; € B
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