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Abstract

Topological ladders for neutral atoms in a
resonantly driven 1D optical lattice

Jin Hyoun Kang
Department of Physics and Astronomy

The Graduate School of
Seoul National University

The phases of matter have been mostly associated with symmetry breaking ac-
cording to Landau theory. However, the discovery of the quantum Hall effect
has brought about a new paradigm of classification. The quantum Hall states
do not break any symmetry, but their phases are classified by their topological
invariants of band structure. Featuring with fundamental physical properties
that are determined by its topological invariant and insensitive to the micro-
scopic details, the topological states of matter represent the frontiers of modern
condensed matter physics.

Complex quantum many-body systems, such as correlated topological
insulators, represent one of the challenging problems in modern physics. Ul-
tracold atoms in optical lattices provide an ideal experimental platform for
studying correlated topological physics due to its good isolation from environ-
ment and high experimental controllability including interactions. Referring to
various well-known lattice models such as the Harper-Hofstadter model and
Haldane model, topological bands can be generated in optical lattice systems
by introducing strong magnetic field or next-nearest-neighbor tunneling. In this

thesis, I desribe a series of experimental works where we generate topological



ladders in an 1D optical lattice system via resonant modulations of the lattice
potential. Taking Bloch states as a synthetic dimension, ladder models can be
constructed with real 1D optical lattice sites.

Generation of complex tunneling phases between Bloch states are demon-
strated by introducing moving optical lattice on the static optical lattice. When
an atom hops around a unit cell in this synthetic ladder, it acquires non-zero
quantum phase, which is equivalent to the Aharonov-Bohm phase accumulated
on a charged particle in a magnetic field. The artificial gauge field result in a
Harper-Hofstadter like model by breaking time-reversal symmetry. Using band
state and momentum resolved measurements, the chiral ground state was di-
rectly observed, and its stability was also investigated. The quench dynamics
of the system showed the strong uniform gauge field in the ladder system, and
the momentum dependent quench dynamics demonstrated the characteristic
next-nearest-neighbor tunneling in the synthetic ladder system.

Creutz ladder is demonstrated in a 1D optical lattice by resonantly driv-
ing the lattice position. When the shaking frequency reaches half of the en-
ergy difference between two band states, two-photon resonant process leads to
band-state changing nearest-neighbor tunneling, which is equivalent to next-
nearest-neighbor tunneling in ladder description. This diagonal tunneling leads
to winding structure of pseudospin through the Brillouin zone, and formation of
topological end states. Measured resonant frequency and interferometry results
clearly showed the topological pseudospin winding structure of the driven lat-
tice system. Moreover, a two-tone driving scheme, where the 1D optical lattice
is driven by two harmonic frequencies, is proposed for realization of topological

charge pumping in the driven lattice system.
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Chapter 1

Introduction

1.1 Quantum simulator

Simulating quantum mechanic problem has been regarded as a challenging prob-
lem, because of exponentially increasing computational cost. For example, a
simple localized spin-half system with size N has 2V different quantum states,
and one must consider all of these states to expect ground state. In con densed
matter, quantum statistics and interparticle interactions make quantum systems
more complex. As the huge capacity of memory is required to store exponen-
tially large number of quantum states, complex quantum systems are difficult
to be understood with conventional computers, altough its computing power
increases gradually.

Ingenious cocept has been come out to solve the problem, which is re-
ferred as quantum computer. The key idea is employing quantum mechanical
elements to calculate quantum mechanical problems [1]. These systems can

store exponenetially large amount of information with smaller number of ele-
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Figure 1.1: Schematic illustration of quantum simulator. The model quantum
system, composed of wave function |¥) and Hamiltonian H, is directly mapped
onto the wave function and Hamiltonian of quantum simulator, |®) and H'.
By preparing initial state |®(0)) and measuring final state |®(¢)), evolved by
Hamiltonian H’, model quantum system can be simulated.

ments compared to the conventional computers, so it is suitable for investigating
complex quantum systems. For example, today’s state of the art quantum pro-
cessor with 53 qubits demonstrated quantum supremacy [2], where a quantum
computer can solve a problem that is impossible for classical computer [3,4].
Quantum computers rely on qubits rather than bits, and they can approach
any quantum problems if their quantum gates are universal: different quantum
simulations can be run by just changing the programs [5,6]. General purpose
quantum computers require high-fidelity, error-corrected logical gates composed
of multiple qubits, and these requirements have been accomplished step by step,
but many obstacles must be overcome [7-9].

In the middle of development of fully fledged quantum computers, inter-
esting quantum physics can be explored by quantum simulator [10-13]. Quan-
tum simulator is rather kind of problem-specific analog simulator, which em-

ploys simpler and intuitive quantum mechanical elements [14]. The Hamiltonian



of the interesting quantum system can be directly mapped onto the Hamilto-
nian of quantum simulator [15-19]. In spite of its simple structure, these toy
models are powerful toolbox for studying difficult problems, such as high T,
superconductivity [10, 20], quantum magnetism [21-23], and quantum phase

transitions [19,24, 25].

1.2 Topology in condensed matter

Topology is concered with invariant properties under the smooth deformations.
Typically, the invariant properties are global properties rather than local prop-
erty. One of examples is the Gauss-Bonnet theorem, which states the relation

between curvature and the number of holes in a two-dimensional surface,

= 4K =x(8) =201~ g), (L1)

where K is Gaussian curvature and x(.5) is Euler characteristic of the surface S.
Regardless of the local curvature, the net curvature of object has direct relation
to the the number of holes, or genus g. For example, the coffee mug and torus
have one hole in the surface (9 = 1), so these are topologically equivalent.
However, they cannot be smoothly deformed to the spherical cow (g = 0).
Thus, topological objects can be classified by the topological invariant, such as
genus g [26].

Topology in condensed matter is recognized after the discovery of the
quantum Hall effect in 1980 [27,28]. The integer quantum Hall effect arises when
a 2D electon gas (2DEG) is under the strong magnetic field at low temperature.

If the interaction between electrons are negligible, the Hamiltonian of 2DEG



under the constant magnetic field B is given by

roo 1 2 M o
H—2m(p+eA) =5V (1.2)

where p is the momentum operator, m is mass of electron, and A is the vector
potential, and v = [p+ (e/c)A]/m. Then the Hamiltonian can be written in the

ladder operators in harmonic oscillators,

. 1
H = hwc (CLTCL -+ 5), (13)
where
a=, /#wc(vm + ivy),
m .
al = Do (vy — ivy), (1.4)

and w. = eB/m is cyclotron frequency. Then the energy spectrum is given by
discrete levels,

1
E, = hw, (n + 5) ,with n € Z=, (1.5)

and these are called the nth Landau level. Landau levels are highly degenerate

as the number of states in area A is

A eBA (0]

- L _eef 2 1.
2rl%  2wh D (16)

where lg = \/% is the magnetic length, and ®q = 27h/e is flux quantum
and ® = AB is the total flux on the sample. These Landau levels are separated
by hw., so it becomes insulating phase when the Fermi energy is located at the
energy gap. However, it shows intriguing properties at the interface: the chiral
conducting states at the edge of the system because of bending of Landau levels,

while the bulk is insulator. In the semi-classical picture, the chiral states can be
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understood as a skipping orbit motion at the edge under the strong magnetic
field. Because of these chiral states, Hall currents are expected.

Unexpectedly, Hall conductivity was exactly quantized to integer multi-
ples of fundamental conductance unit e?/h. The value of quantized Hall con-
ductivity is not altered by the geometry of the system, impurities, disorder, and
it is even same in different type of materials. The robustness against the per-
turbations implies that the quantum Hall effect has topological nature, which
was first explained by Thouless, Kohmoto, Nightingale and Nijs [29]. According
to TKNN, the Hall conductivity can be described by winding of phase of the

eigenstates around the 2D Brillouin zone,

ie? Pk [, 0u Ou ou  Ou
Tay = EJ:/BZ (27)2 [<8_k1|0k2> a <6k2|8k1>
e? d*k
_Ezj:/BZ WQJ‘(’C); (1.7)

where j is index of filled bands, and the ;(k) is referred as Berry curvature

later [30]. Because Brillouin zone is closed surface, the integral of Berry cur-
vature over the Brillouin zone is given by the topological invariant, the Chern
number C,

C = L Q(k), (1.8)

T JBZ
where the Chern number is always given by integer C' € Z. Then the Hall

conductivity is given by
2
e
uy = EZCJ. (1.9)
J

Therefore, the Hall conductivity is determined by topological invariant of filled
bands. Because Chern number cannot be continuously changed, Hall conduc-
tivity shows a plateau until the abrupt change of topology. This explains the

robustness of the Hall current at the edge.

5



The quantum Hall effect is an example of general class of materials that
are referred as topological insulators. It was first believed that topological states
can only exist by breaking time-reversal symmetry with external magnetic field,
but after the proposal of quantum Hall states without magnetic field by Hal-
dane [31], many types of topological insulators have been proposed and classified
by its symmetry [32-34]. A key feature of the topological insulators is the topo-
logically protected edge states at the boundary of the finite system. The edge
states exists because of non-trivial topology of the bulk bands, which is called
bulk-boundary correspondence.

The mathematical connection of topological insulators can be explained
in single-particle description. It becomes complicated when the interaction plays
major role in the system. The famous example is the fractional quantum Hall
effect (FQHE), where the Hall current shows plateaus at fractional values of
fundamental conductance unit €?/h [35,36]. The electron-electron interaction is
responsible for fractionally charged quasiparticle, which cannot be understood in
single-particle description. The discovery of FQHE has led to fractional statistics
and people has been concerned with many-body topological states. However,
because of complexity of the system, the exact solutions are not much known,
and numerical simulations are also limited by the capacity of computational
resource. Therefore, quantum simulation could be effective tool for studying

exotic topological matters.



1.3 Ultracold atoms in optical lattices and topo-
logical band engineering

Ultracold atoms are dilute gas of neutral atoms, whose temperature are kept
below the regime where the quantum mechanical properties become important.
Over the past few decades, it has allowed the observation of Bose-Einstein con-
densation (BEC) [37-39] and degenerated Fermi gas [40-42], opening a new
avenue in quantum simulation. It is an useful platform to study many-body
physics in condensed matter, as interaction strength can be easily tuned in the
periodic potential generated by interference between laser beams [43-45]. For
example, Hubbard model contains quantum tunneling and on-site interactions
can be demonstrated with ultracold atoms in optical lattice [16,46,47], and
the quantum phase transition between superfluid to Mott insulator was directly
demonstrated [19]. In this platform, kinetic energy and interaction strength can
be fully tunable. Because of an exceptional experimental controllability, ultra-
cold atoms in optical lattices would be also promising candidate for simulat-
ing topological states [48]. Band structures and interactions between atoms are
highly tunable, offering opportunities for the realization of exotic topological
phases of matter. Also, new detection techniques may provide a different point
of view on underlying physics in conventional solid-state experiments [49-54].
However, ultracold atoms are charge neutral, so their dynamics under
the electronmagnetic fields is different to the electrons: a vector potential on
atoms produced by external magnetic field would be negligible. Also, a complex
geometry of periodic potential is hard to be constructed by laser interference
only. The dynamics in optical lattice is mainly governed by the nearest-neighbor

hopping, and higher order terms are difficult to be controlled independently. For



example, simple geometries, such as hexagonal lattices, can be easily obtained
by monochromatic laser, and even Lieb [55] and Kagome lattice [56] can be gen-
erated by bichromatic fields, but lattices containing more than nearest-neighbor
hopping, such as Mielke checkerboard lattice [57,58], has not been much realized
in a static optical lattice setup.

These limitations can be overcome by various experimental techniques.
Rather than using external magnetic field, artificial gauge field was demon-
strated by a rotation of the system [59] or laser-assisted tunneling [60]. For
the latter method, a uniform flux of gauge field realized the Harper-Hofstadter
model [61,62], which is a lattice version of the integer quantum Hall effect [63—
65]. In addition, the Haldane model was first demonstrated in a circularly shaken
honeycomb optical lattice [66], which is a famous example of the quantum
anomalous Hall effect, but had not been founded in nature [31]. It was re-
cently realized in condensed matter system [67] as originally proposed by Oka
and Aoki [68]. These topological bands can be efficiently engineered by periodic

modulations, which are often referred as Floquet engineering.

1.4 Outline of the thesis

In this thesis, topological ladders are demonstrated with resonantly modulated
1D optical lattice. The structure of the thesis is given as below.

First, a brief overview of the apparatus for the production of Yb quantum
gas used in this thesis is provided in Chapter 2. The configuration of the setup
and experimental techniques will be described.

Chapter 3 provides an introduction of Floquet theory, and perturative

expansion methods to find simple description of effective Hamiltonian. This will



be illustrated with a two-states model and 1D optical lattice.

Theoretical background of topology and examples of model Hamiltonians
for topological states are considered in Chapter 4. Topological ladders realized
in 1D optical lattice based on synthetic dimension concept will be also discussed
in this chapter.

The first demonstration of Hall ladder using band states of a 1D optical
lattice is presented in Chapter 5. The band states are regarded as individual
sites, and interband couplings are considered as hopping terms between these
sites. Because of on-site energy modulation, atoms acquire quantum phase when
the initial band state is converted to another band state. As a consequence, the
dynamics of the system can be effectively described ladder under the arbitrary
gauge field. It is equivalent to the Hofstadter Hamiltonian with finite lattice
sites in synthetic dimension. In this system, ground states are chiral, which is
an analogue of chiral Hall current in integer quantum Hall effect.

The demonstration of Creutz ladder in a resonantly shaken 1D optical
lattice is shown in Chapter 6. The periodic shaking of lattice position can induce
dynamical localization, but the resonant shaking can lead to topological states
by a next-nearest-neighbor hopping in ladder description. The interband cou-
plings can be described by resonant processes occured by 'photon’, analogous to
the excitation in solid-state sample under the electromagnetic field. In this point
of view, interband couplings can occur by absorbing or emitting n-photons when
the integer multiples of modulation frequency is equivalent to the energy gap
between band states. Particularly, a 2-photon process leads neighbor-hopping
interband coupling, which can be described by a next-nearest-neighbor hopping
in ladder. An interferometric measurement scheme is demonstrated to infer the

winding structure of the effective Hamiltonian.



As an extension of Chapter 6, 1D optical lattice driven by two harmonic
frequencies will be discussed in Chapter 7. The change of driving amplitude and
a relative phase of two harmonic resonant drivings lead to topological pump-
ing. Effective Hamiltonian descriptions and micromotions of the system will
be discussed. Particularly, a pseudo-spin winding, or Zak phase of the system
depends on the stroboscopic timeframe. The symmetry of the time-dependent
Hamiltonian will be also considered in this chapter.

Finally, a summary of the thesis and outlooks for future directions will

be considered in chapter 8.
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Chapter 2

Overview of the experimental

setup

The experiments in this thesis were performed with fermionic Yb atoms.
1Y atoms were cooled down to quantum degeneracy regime, corresponding
to about 60 nK in our optical trap, and loaded into the optical lattice. The
ytterbium machine had been mainly developed by Min-Seok Kim, Moosong
Lee, and Jeong Ho Han [69]. During my first year of PhD course, degenerate
Fermi gas was achieved, and first experiment with degenerate fermionic '™Yb
atoms were reported [70]. In this section, I will look through basic properties of

ytterbium, laser cooling, and experimental apparatus and techniques.

11
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Figure 2.1: Electronic structure of ytterbium atom frequently used in ul-
tracold atom experiments. Natural linewidth of each transition I' is noted.
1Sy —1 P, transition is employed for Zeeman slowing and absorption imaging,
and 1Sy —3P; transition is used for magneto-optical trap (MOT) and spin ma-
nipulations.

2.1 Electronic structure of Yb and laser

2.1.1 Electronic structure

Ytterbium is a rare-earth element in the lanthanide series. Because of closed-
shell electronic configuration [Xe]4 f146s%, two valence electrons in s-shell mostly
determines its electronic property similar to alkaline-earth atoms. Ytterbium
naturally occurs in stable isotopes with zero nuclear spin (I = 0; 8Yb, 170Yb,
172Yh, 1™Yh, 10Yb) or non-zero nuclear spin (I = 1/2; 1™Yb, I = 5/2; 1"3Yb):
the formers are bosonic while the latters are fermionic.

The electronic structure of ytterbium can be described by LS-coupling
scheme, where the total electronic angular momentum is given by the combina-
tion of total orbital angular momentum L and total spin angular momentum S.

Total electronic angular momentum is given by J = L+ S, and electronic levels

12
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72.01 MHz
224.46 MHz
544.93 MHz
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1475.87 MHz
1755.63 MHz
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180 ..........

Figure 2.2: Hyperfine structure of the 1Sy —'P; and 1S, —3P; transitions for
173Yb.

are denoted by 29+ L ;. Electronic levels of ytterbium typically used in ultracold
experiment are shown in Figure 2.1. Two valence electrons can be arranged in
spin singlet (S = 0) or spin triplet (S = 1) configuration. The lowest lying elec-
tronic state is 1Sy, and excited states with L = 1 in spin singlet (triplet) config-
uration ' P, (3P0,172) are shown. Because laser field cannot change electronic spin
directly, so electric dipole transition (E1) is only allowed to 'Sy —! Py transition.
Other transitions are forbidden by selection rule. However, significant mixing
between ! P, and 2P, states via spin-orbit interaction provides transition proba-
bility on 'Sy —3P;, which is called intercombination line. In addition, hyperfine
mixing between 3P, and 3P072 also enables direct transitions of 'Sy —3Pp,
which are referred as clock transitions. Among these transitions, dipole allowed
1Sy —1P; transition and intercombination line 3Sy —! P, are mainly harnessed

for laser cooling of ytterbium atoms.

13



The natural linewidth of dipole allowed 'Sy —! P; transition (A = 398.9
nm) is ['399/2m = 29.1 MHz. This transition is not completely closed because
of decay channel from 'P; to metastable ®Py,. Atoms which are leaked to
metastable 3P, states can be brought into cooling cycle again by optical re-
pumping. The non-closed transition is an crucial issue for MOT, but it is not
much significant for Zeeman slowing. Therefore, 1S, —! P; transition is suitable
for Zeeman slowing and imaging due to its strong photon scattering rate.

Intercombination line 'Sy —* P; (A = 555.8 nm) is closed transition
with narrow linewidth of ['s56 /27 = 182.4 kHz. Owing to the narrow linewidth,
using intercombination line would be a double-edged sword for laser cooling: low
Doppler cooling limit and low capture velocity. Atoms can be cooled down to few
uK owing to the lower Doppler temperature Tp = hl's56/2kg, but low capture
velocity restricts direct loading of hot atoms into MOT. Therefore, proper aid
must be taken. In our laboratory, we adopted Zeeman slowing using 'Sy —* P,
transition as a pre-cooling stage before MOT loading. Large photon scattering
rate and capture velocity of 1Sy, —! P, transition offer sufficient flux of cold

atoms to MOT, which can allow efficient loading.

2.1.2 Laser system

For efficient laser cooling of ytterbium, both lasers with wavelengths of 398.9
nm and 555.8 nm are employed. Typical laser cooling experiment demands
high power (several hundreds of mW) and narrow linewidth (narrower than
linewidths of each transition). High-power lasers can be often produced by am-
plifying diode lasers via optical amplifiers such as tapered-amplifiers (TA) of

doped fiber amplifiers. Unfortunately, standard high-power, narrow linewidth
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Figure 2.3: View of laser table for Yb machine in QGL. Bright violet and green
light make spectacular scene.

lasers for ytterbium were not available, because optical amplifiers had not been
much developed under the wavelength of 600 nm. In QGL, we opted second
harmonic generation (SHG) of IR lasers to achieve proper laser lights for laser

cooling experiment.

Blue laser

The fundamental laser with wavelength of 797.8 nm are generated by TA pro
(Toptica) which consists of external cavity diode laser (ECDL) and TA. The
gain chip TA-808-2000-1 had been used about 3 years and we barely managed
required laser power, because its power had significantly degraded. We have
replaced the old gain chip with new one TA-790-2000-1, which can provide
plenty of laser power maximum 2.8 W. The eliptical beam after TA is shaped

into circular beam with anamorphic prism pairs.
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Figure 2.4: Schematic of the 398.9 nm blue laser system. The fundamental laser
is produced by a commercial combination of ECDL and TA at 797.8 nm, and
its frequency is double by SHG bow-tie cavity. Cavity length is stabilized by
Héansch-Couillaud scheme, and frequency of ECDL is stabilized by MTS. Re-
mainings are power distribution and frequency shift optics for experiment.
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The blue light at 398.9 nm is generated by SHG of fundamental laser.
When the light passes non-linear medium, frequency is doubled by second-order
nonlinear effect inside the medium. Nonlinear effect in single-pass configuration
is typically inefficient, but the efficiency can be largely enhanced with resonant
cavity. Our SHG module is composed of lithium triborate (LBO, Raicol Crys-
tals) crystal as a nonlinear medium and external bow-tie cavity for enhancement.
For LBO, phase matching condition can be achieved by angle, type-1 critical
phase matching (CPM), at the wavelength of 797.8 nm. In type-1 CPM condi-
tion, spatial walk-off angle make the frequency-doubled blue beam elliptical, so
it is reshaped with cylindrical lens pair.

The length of cavity is stabilized by mirror mounted on a piezo-electric
actuator via Hansch-Couillaud method [71]. LBO crystal inside the cavity acts as
a polarizing element, so reflectance of input beam depends on the polarization.
Error signal is produced by substituting the intensity of reflected wave with
different polarization. Therefore it can generate error signal without modulating
the frequency of laser light. Then the cavity length is locked with fast PID
(SIM960, SRS). At optimal condition, the conversion efficiency of SHG module
is about 20%, where maximum power of blue light is about 500 mW. In typical,
250 mW of 398.9 nm light was enough for our experiment. After optimization of
cavity, whole SHG module has been sealed with acryl box and filled with oxygen
to prevent the degradation of LBO in humid environment. The temperature of
the LBO crystal is stabilized at room temperature.

The frequency of the blue laser is locked to the atomic reference by using
modulation transfer spectroscopy (MTS), where the frequency modulation of
pump beam is transferred to the unmodulated probe beam by nonlinear inter-

action in atomic medium [72]. The pump-probe configuration of MTS allows
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sub-Doppler spectroscopy, and its zero-crossing is accurately located at the cen-
ter of atomic transition due to the characteristic background-free dispersive-like
signal. In our scheme, small amount of the beam is detuned +418 MHz before
spectroscopy by acousto-optic modulator (AOM). Pump beam is modulated by
passing electro-optic modulator (EOM-02-25-U, Photonics technologies) with
modulation frequency of 25 MHz. Hollow cathode lamp (1.2738 Yb-Ne, Hama-
matsu) is used as atomic reference. Then modulated pump beam and unmod-
ulated probe beam are aligned collinearly through the atomic reference. The
transferred signal of probe beam is detected by photodiode, and frequency lock
is achieved by feeding error signal to the locking electronics of TA pro (DigiLock
110, Toptica).

Absorption imaging

Our experiments are demonstrated by measuring the atomic density distribution
via absorption imaging technique. We use vertical imaging path, where the
objective lens (5x telecentric, Mitutoyo) is installed in front of the CCD camera
(iXon ultra 888, Andor technology). The nominal numerical aperture and and
magnification of our objective are 0.13 and 5x respectively. The resolution of
imaging system is measured with USAF1951 test pattern, and we can achieve
the resolution about 2.2 ym. The magnification of the imaging was calibrated by
using Raman scattering on atomic gas, where departed momentum are precisely
defined. Measured magnification is 6.5, which is mainly affected by divergence
of imaging beam in our system. Considering the pixel size of our CCD camera
(13 pm), each pixel corresponds to 2 um at the imaging plane.

In absorption imaging scheme, the atoms are illuminated with a resonant

beam to dipole-allowed transition |'Sy, F = 5/2) — ['P,,F' = 7/2), whose
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intensity &~ 0.02[, is much lower than the saturation intensity. In this low
intensity limit, the intensity ratio of transmitted light I(x) to incident light
In(x) through the atomic sample with density n(r) follows the Beer-Lambert
law,

I(x) = Iy(x)e ) nr)dz, (2.1)

where x is vectors in imaging plane, r = (z, z), and o = 3)\?/27 is resonant
scattering cross section. Therefore, integrated atomic density per each pixel

(column density) along the imaging beam axis is given by

1. I(x)

Neol () = /n(r)dz = —;1n[0($).

(2.2)

In principle, two images that correspond to initial intensity of probe light and
transmitted light is required to construct the atomic density. In experiment,
three consecutive images are taken to reduce systematic error in imaging system:
image of transmitted light through atomic sample I(x), image of initial intensity
of light without atoms Iy(x), and background image without any light Iz(x).

Then atomic density can be constructed as

_ L I@) — @)
nmcas(w) - 0-1 IO(CE — IB(w)) '

(2.3)
The number of atoms can be simply given by Npeas(T) = (A/M?)nyeas(),
where A is area of each pixel in CCD camera, and M is magnification.
Typically the absorption imaging is used to measure momentum distri-
bution of the atoms. The time-of-flight (TOF) absorption imaging is taken after
the switching off the all potentials, and allowing atomic samples to evolve freely.

When all trapping potentials are abruptly switched off, atoms can freely expand

according to their initial momentum if interaction between atoms are negligible.
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After sufficient expansion time, atomic distribution directly represents momen-
tum distribution of atoms right before abrupt potential switching. After TOF,
imaging beam is applied for 100 us per a shot. Then the absorption image is

constructed with three consecutive images.

Green laser

The fundamental laser with wavelength of 1111.6 nm had been generated by
commercial fiber laser (Orange one, Menlo systems). Its seed laser diode had
been significantly degraded, so it was difficult to maintain the system. We have
installed new fundamental laser from Quantel (EYLSA-L-1111.6-3-P-SN-W-CO
v2.0), which is composed of seed laser (Koheras ADJUSTIK Y10, NKT Pho-
tonics) and ytterbium-doped fiber amplifier (CYFL-KILO-02-LP-1111.6-WT'1-
FM1-STO-OM1-B301-FA, Keopsys). The linewidth of laser is <20 kHz, which
is narrower than the natural linewidth of the intercombination transition.

Similar to the blue laser, 555.8 nm laser light is generated by SHG of
fundamental laser at 1111.6 nm. LBO crystal is used as a nonlinear medium,
but phase matching condition is achieved with temperature, type-2 non-critical
phase matching (NCPM), at the wavelength of 1111.6 nm. Although NCPM
condition typically away from the room temperature, but it has advantage on
insensitivity to the misalignment and the absence of spatial walk-off. Length of
bow-tie cavity is again stabilized by Hansch-Couillaud method, and its optimal
conversion efficiency is about 20%.

The frequency of the green laser is stabilized by MTS. Small portion of the
beam is detuned by -160 MHz before spectroscopy, and pump beam is modulated
by EOM (EOM-02-3-U, Photonics technologies) with modulation frequency of

3 MHz. The small saturation intensity I, = 0.14mW/ cm? of intercombination
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Figure 2.5: Schematic of the 555.8 nm green laser system. The fundamental
laser produced by ytterbium-doped fiber laser at 1111.6 nm passes SHG bow-
tie cavity for frequency doubling. Similar to the blue laser system, cavity length
and frequency of seed laser are stabilized by Hansch-Couillaud method and
MTS respectively. We have used Yb vapor cell for atomic reference, because
sufficient atomic flux had not been achieved by Yb HCL. Power of green lights
are redistributed and frequency shifted for experiment.
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line makes detection of spectroscopy signal difficult. To enhance the error signal,
atomic cell with sufficient flux was built rather than using hollow cathode lamp.
Also, photomultipier tube (PMT H10492, Hamamatsu) was used for detecting
modulation-transferred probe beam. Error signal is produced with homemade
electronics, and frequency lock is achieved by delivering error signal directly

into fundamental laser with PID (SIM960, SRS).

Optical dipole trap and optical lattice laser

High-power optical dipole trap (ODT) beams are produced by 100W ytterbium
fiber laser with wavelength of 1070nm (YLR-100-1070-LP, IPG photonics). The
IR laser had been controlled by AOM, but high power incident light (>30 W)
has detrimental effect on AOM, results in beam shape deformation and beam
pointing instability. Therefore, we have controlled laser power itself by com-
puter with the aid of motorized rotating half wave plate. An overview of the
IR laser setup is shown in Fig. 2.6. The polarization of laser is first purified,
and reshaped with cylindrical lens pair. The beam power is monitored by two
photodiodes with different gain, which regulate beam power in different range
respectively. Laser power is manipulated and stabilized with single PID, so mon-
itoring photodiode is switched by muliplexer (ADG5209, Analog devices) at the
middle of experiment. Laser beam is then delivered to the chamber through the
optical transport setup which is composed of movable lens and lens pair.

The source of auxiliary ODT and optical lattice is a single-frequency
green fiber laser (GLR-20, IPG photonics), which is capable of producing 20
W output at 532 nm. The linewidth of laser is < 1MHz, so it is sufficient to
generate optical lattice. Laser output is divided and sent through AOMs for

power control and stabilization. AOMs are driven with different rf frequency to
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Figure 2.6: Schematic of the IR laser ODT and transport system. IR laser power
is monitored by two photodiodes, which are switced by muliplexer. Power range

of laser is coursely tuned by motorized wave

plate, and finely stabilized by PID

servo. Then beam is injected to cylindrical lens pair to generate elliptical beam.
Tight focus (object plane) generated by lens on air-bearing stage is projected to
image plane via 4-f system with magnification of 2.3. When the focus is shifted
by d in the object plane, focus in the imaging plane is shifed by M?2d.
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prevent inteference between distinct beams. We note that two beams, which are
labeled as auxiliary ODT and OL1 by its history, are diffrated by same rf source
to create accordian type optical lattice. Laser beams are resized with spherical
lens pair and coupled into single mode PM fibers, and then delivered to the

atoms.

2.2 Producing degenerate Fermi gas

The cooling procedure of ytterbium atoms can be separated by two stages; at
the main and the science chamber. Atoms are first cooled by Zeeman slowing
and magneto-optical trap (MOT) at main chamber. After pre-cooling step at
main chamber, atoms are tranferred to the ODT, and then transported to the
science chamber. Degeneracy is finally reached by evaporative cooling in crossed

optical dipole trap at science chamber.

2.2.1 Cooling procedures
Zeeman slowing and magneto-optical trap (MOT)

The alkaline-earth atoms such as ytterbium generally have narrow intercombi-
nation line, which can achieve low Doppler tempererature in MOT. However,
atoms ejected from oven cannot be directly trapped in MOT, because the av-
erage velocity of the collimated atomic beam flux right after the nozzle exceeds
the capture velocity of MOT. In our ytterbium machine, increasing field Zee-
man slower is used to provide slow atoms, where red-detuned light from atomic
transition is employed to compensate the Doppler shift. The slower beam is o~

polarized 399 nm light, which corresponds to the ['Sy, F = 5/2, mp = —5/2) —
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Figure 2.8: Photo of the fermionic ®Yb magneto optical trap (MOT) during
the loading at the main chamber.

1P, F' = T7/2,mp = —7/2) transition, and detuned by A = —1 GHz. Suc-
cessive resonant photon scattering efficiently slows down the atomic beam flux
along the Zeeman slower, which can lower the average velocity of atoms under
the capture velocity of MOT.

After deceleration by Zeeman slowing, atoms are further cooled and cap-
tured by 3D MOT. The MOT operates on the |'Sy, F =5/2) — [*P, F' =7/2)
transition with narrow linewidth of I' = 182 kHz. In 3D MOT, position depen-
dent photon scattering occurs on atoms, trapping the atoms to the center. Detri-
mental effect from ['Sy, ' = 5/2) — |' Py, F’ = 5/2) transition (A = —160MHz)
is reduced by introducing dark spot at the location of captured atoms in MOT.
Phase space density is further increased by compressing the MOT at the final
stage. After 15 s operation, about 10® atoms are collected with temperature

about 20 puK.
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Transport and evaporative cooling

Atoms in compressed MOT are directly transferred to the optical dipole trap
(ODT) by high-power, far red-detuned IR laser beam at 1070 nm. The trap
depth of ODT =~ 540uK is much higher than the temperature of MOT, and
ODT beam has eliptical profile of w, : w, = 3 : 1 to make good spatial overlap
with MOT, and compensate the effect of gravity. The atoms are transported
to the science chamber to gain better optical access and imaging. In our setup,
4f system with magnification of M ~ 2.3 is employed to mechanically shift
the focus of the ODT. As the first lens is moved by distance d from the initial
position, the focus is shifted by M?d with slight change of beam waist. About
34 cm travel within 1.6 s from main chamber to science chamber is in capability
of our air-bearing stage (ABL1000-100, Aerotech). Smooth velocity profile of
mechanical translation of lens was carefully chosen to minimize atom loss during
the transport, resulting in transport efficiency about 85%.

The final stage of cooling is evaporative cooling in crossed dipole trap.
The basic principle of evaporative cooling is to remove atoms with high kinetic
energy and redistribute thermal energy between the remaining atoms, which in-
creases the phase-space density. For efficient evaporation, density of atomic gas
should be high enough to provide fast rethermalization between atoms via elas-
tic collision. Therefore, focused green laser (532 nm), far red-detuned from ' P
transition, is aligned to intersect the focus of IR ODT, giving additional confine-
ment on axial direction of IR ODT. The angle between two dipole trap is given
by 60° due to the limited optical access of our science chamber. Compared to
the single ODT configuration, increased density of atoms in crossed ODT makes

evaporative cooling efficient. Although increase in density of atoms would suffer
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inelastic three-body collision scales as oc n2a?, but our crossed ODT geometry,
tight vertical confinement with loose transverse confinement, can avoid severe
three-body loss by reducing atomic density in transverse direction.
Evaporative cooling starts by slowly decreasing the dipole trap potential.
After 3.5 s of evaporative cooling step, we can get degenerate ytterbium Fermi
gas. Typical trap frequencies at the final stage are determined by measuring
harmonic oscillation of atomic cloud, which is estimated as {ws, wy,w,} ~ 2 x

{30,105, 146 } Hz.

Thermometry of degenerate Fermi gas

When the temperature of atoms are sufficiently cold, the thermal de Broglie
wavelength is much larger than the distance between particles. In this regime,
atoms can be described by wave function, and will obey quantum statistics.
If atom follows Bose-Einstein statistics, bosonic atoms will be condensed into
single state below the critical temperature. It is dramatic in momentum space,
as the thermal bosons with wide Gaussian distribution disappears, while the
condensed atoms appear at zero momentum with very narrow distribution.

In contrast to the Bose-Einstein condensate (BEC), where the sharp
phase transition from thermal gas to condensate occurs, the onset of the de-
generacy of fermions is subtle to be characterized. Following Pauli exclusion
principle, same energy level cannot be filled with identical fermions. At zero
temperature, the fermions fills every energy levels up to Fermi energy from the
ground state. For homogeneous trap, it will show sharp momentum distribution.
However, at finite temperature, higher energy levels are occupied by thermally
excited fraction of fermions, and it is smoothly changed by temperature. There-

fore, temperature should be carefully determined from the density distribution.
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Figure 2.9: (a) Schematic of harmonic trap frequency measurement. Additional
ODT in z direction is applied at the final stage of evaporative cooling to lo-
cate atomic clouds at off-center of harmonic trap. This additional ODT is then
abruptly turned off, and position of atomic cloud is recorded after 15 ms time-
of-flight (TOF), which magnifies the scale of movement. Because atoms deviated
from the center of x, y direction, dipole mode in both directions are excited. (b)
Temporal position of atomic cloud. Dipole oscillation frequency is determined
by sinusoidal fitting, {w,,w,} = 27{30,105}Hz. Trap frequency in z direction
is approximately estimated from calculation of beam waists, beam power dis-
tribution and trap geometry.
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In experiment, atoms are trapped in a 3D harmonic potential, which is

described by the Hamiltonian

52
- m
H = 2p_m + E(wixz + Wiy + wiz?), (2.4)

where p = (py, py, p-) is momentum operator. The density of states is given by

g(e) = (2.5)

1/3

where € is the energy of a particle, and w = (w,wyw,)"? is geometric mean of

the trap frequency. The Fermi-Dirac distribution is given by

11
w41 efefE+ 1]

1O = = (2.6)

where 8 = 1/kgT, and £ = exp(fBpu) is fugacity. The number of atoms in each

spin state is then N
N, = /0 g(e) f(e)de. (2.7)
At T =0, f(e) = 1 for energy under the Fermi energy ¢ < Ep. Then Fermi
temperature is
Er hw

=T~ kO (2:8)

At finite temperature, the number of atoms in each spin is given by

Tr

kpT\’
Na = _(BH> L13(_€)7 (29)
where Li, is nth order Polylog function. Combining two equations, T'/TF is

related to the fugacity as

1

Lis(—8) = ~ 5777 (2.10)
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Then how can we obtain fugacity from the experiment? With Thomas-
Fermi approximation, which assumes local density distribution proportional to

the external potential, the number density in phase space is given by

1 1
(2mh)3 eBH(D) [ 41

fr,p) = (2.11)

Then the real space and momentum space distribution, integrated over p and r

respectively, are

mkpT\*? | v
n(r) = —< 27;;2 > Lig/o(—&e *sT), (2.12)
kgT p?

0) = ~ gy o2 (—6 ) 213

where V(r) = 2(w2z® + wiy® + w?z?).

In experiment, momentum distribution is measured by absorptive imag-
ing method after TOF. Because 3D atomic density is projected on the 2D image,
the measured optical density shows information about momentum distribution
integrated over the z direction. The column density (optical density integrated

over z) is then given by

22 4%
Lig(e~Se 2% 27%)
OD(J:, y) = ODpeak Li2<€_£> 5 (214)
kpT

where O D,k is peak optical density and o2 = [1+4 (w;t)?], and ¢ is exansion

mw?
time.

Typical absorption image of the '™Yb Fermi gas after TOF is shown in
Figure 2.10. After the long expansion time w;t > 1 with collisionless expansion,
the aspect ratio goes to unity regardless of the trap geometry. By fitting the
TOF image with the equation (2.14), fugacity £ can be determined. Then, T'/Tg
is obtained through the relation with fugacity. In our setup, N ~ 10° atoms with

temperature 7'/Tr ~ 0.15 can be obtained after evaporative cooling.
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Figure 2.10: '™Yb degenerate Fermi gas with six spin states. (a) Momentum
distribution of fermi gas is detected with absorption imaging after 15 ms time of
flight. (b) Averaged column density over azimuthal angle. Large deviation from

the Gaussian distribution indicates the degenerate regime. From the Thomas-
Fermi fit, the temperature is determined by 7'/Tr ~ 0.15.

2.3 Manipulation of nuclear spin states

Optical Stern-Gerlach separation

Atoms in different spin states (or different magnetic spin number mg) can be
spatially separated by spin-dependent force induced by magnetic field gradient:
the Stern-Gerlach effect. The technique can be well applied to separate spin
states of alkali atoms, as they have sufficient state dependent magnetic mo-
ment of single electron. On the other hand, for alkaline-earth like atoms, the
spin states of ground states 1S, cannot be separated practically due to lack of
electronic angular momentum. As the nuclear magnetic moment is about three
orders smaller than electron magnetic moment, required magnetic gradient for
achieving sufficient separation is extremely large.

To overcome the limitation of applying enormous magnetic field gradient,
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Figure 2.11: (a) Schematic of the optical Stern-Gerlach method. Blue-detuned
o polarized light is aligned to the atomic gas, where the cloud center is placed at
the intensity gradient of the Gaussian beam. (b) State-dependent force induced
by beam intensity gradient. The grey strip indicates the relative position of the
atomic cloud. (c¢) The ratio of resulting dipole force on different spin states,
determined by detuning of light and polarization. (d) Typical absorption image
taken after applying 4 ms OSG pulse followed by TOF expansion of 6 ms.
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state dependent dipole force can be generated by optical means instead, which
is referred to the optical Stern-Gerlach (OSG) effect [73,74]. The transition
strengths of |15y, FF = 5/2) — 3P, F' = 7/2) vary with my and polarization of
light. If the polarization of light is o, every transition strengths are different to
each other, resulting in mp state dependent AC Stark shift. As a consequence,
the mp dependent force can be generated when optical intensity gradient is
applied to the atoms.

In our experiment, a o polarized gaussian beam which is blue detuned
by +860 MHz from |'Sy, F = 5/2) — |3P, F' = 7/2) transition line is used to
provide state dependent force. During the OSG scheme, small magnetic field is
applied to define quantization axis. OSG beam center is displaced from center
of atomic cloud to induce state-dependent force. The main state-dependent
repulsive force is produced by positively detuned |'Sy, F = 5/2) — |*P, F' =
7/2) transition, but attractive forces generated by negatively detuned hyperfine
transitions |'So, F' = 5/2) — [P, F’ = 3/2,5/2) also participate. Including
these contributions, mp = —5/2, —3/2 are actually attractive to the OSG beam,
while other states are pushed away.

In experimental sequence, atomic cloud is illuminated by OSG beam
about 4 ms after all trapping potential is switched off, during the weak mag-
netic field is applied. Atoms start to fall by gravity, but state dependent force
spatially separates mp states in horizontal plane. After additional TOF time
of 6 ms to enhance spatial separation, absorption image was taken. Due to the
curvature of gaussian OSG beam, separated mp states shows deformed distribu-
tion from initial atomic cloud. If one wants to keep information of initial atomic
distribution, linear optical intensity gradient must be applied. For that purpose,

such as digital micromirror devices (DMD) can be further employed to design
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the OSG beam intensity profile.

Optical pumping

Since the intercombination transition is very narrow for Yb atoms, transition on
individual mp state can be selectively addressed under the sufficient magnetic
field. In experiment, 'Sy, F = 5/2) — [P, F’ = 7/2) transition is employed.
Sublevels of ground state |' Sy, ' = 5/2) shows small splitting under the external
magnetic field, but |>Py, F’ = 7/2) has sufficient Zeeman splitting A, /27 =
0.6kHz/G x B under the magnetic field B. Therefore, each mp state can be
excited to m’, = mp + € at specific polarization, where € = £1, 0.

The ratio of spin states in mixture can be manipulated by optical pump-
ing method based on spin-selective transition. As excited state spontaneously
decays into ground states following selection rule, initial state can be pumped
into other states after cycles of resonant excitation and spontaneous decay. In
our experiment, optical pumping is implemented by applying o polarized reso-
nant light before the evaporative cooling sequence. Atoms can be kept inside the
deep dipole trap, although subsequent momentum trasfer from optical pumping
heats the atoms. Using sequential optical pumping, various statistical spin mix-
ture can be prepared. Collision rate is decreased for the mixture prepared with
reduced number of spin states, because s-wave collision is only enabled between
two different spin states. As a consequence, evaporative cooling is less efficient
than six-component case, resulting in increased final temperature of the atomic
gas.

If state selective transition is applied when the trap depth is lower than
kinetic energy acquired from spontaneous decay, it selectively removes specific

atomic states from the trap. This state selective removal can be used to prepare
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spinless fermi gas, or to analyze each spin state after the experiment. The latter
is useful for measuring information on momentum distribution of each spin
state, because spin selective removal does not much distort the distribution
than OSG scheme in our experiment. Although inelastic scattering can blur the
overall momentum distribution, key features can be clearly distinguished by this

technique.

2.4 Optical lattice

Loading atoms into the optical lattice

Optical lattice used in the experiments is generated by interference of 532 nm
laser beams. Three dimensional cubic optical lattice is composed of two retro-
reflected laser beams in z, Z directions, and interfering two beams with angle of
120° in g direction. Interference between each optical lattice axis were eliminated
by separating the frequency of laser beams of each axis over tens of MHz using
AOM. The atoms are usually loaded into the optical lattice by exponentially
ramping to final lattice depth within 100 ms, while the ODT potential depth is
decreased at the same time to loosen the trapping frequency. The adiabaticity
of the lattice loading procedure can be characterized by measuring temperature
of atoms, which are transferred back into the original ODT. We found there is

negligible heating during the lattice loading, implying good adiabaticity.

Measurement of quasi-momentum distribution

In order to probe band structure of the optical lattice, useful observables are

momentum distribution and population of atoms in each band. Both observables
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can be measured by mapping quasi-momentum states of optical lattice into
free particle momentum states, called band-mapping technique [75, 76]. When
lattice potential is ramped down adibatically, quasi-momentum of optical lattice
q can be fully mapped into the free particle momentum state. Therefore, quasi-
momentum distribution can be observed in TOF image after band mapping.
However, for inhomogeneous system such as system including harmonic trap
potential, Bloch states in different quasi-momentum states are not independent
to each other. Therefore, ramp time must be shorter than the time scale of
external potential. In our experiment, the lattice depth is linearly ramped down
to zero within 0.5—1s, which is slow enough for band-mapping, but faster than
the harmonic trap frequency.

Typical absorption image taken after band mapping follwed by TOF is
shown in Fig. 2.12. The population of atoms clearly shows the first Brillouin
zone of 3D cubic lattice. Small population in higher bands implies that Fermi
energy of initial atomic gas is below the recoil energy of optical lattice, and good

adiabaticity of lattice loading and band mapping.

Calibration of the lattice depth

To calibrate the depth of the optical lattice potential, we typically use lattice
modulation spectroscopy [77]. After adiabatic loading process, most of the atoms
are in the lowest bands. When lattice depth is periodically modulated, atoms
can be transferred to the higher band states. Following Fermi’s golden rule,
most of the atoms are transferred at the resonant condition, which is given
by E,(q) — Eo(q) = hv, where E,(q) is dispersion curve of nth band and v
is modulation frequency. Therefore, dispersion curve of optical lattice can be

determined by measuring quasi-momentum and band index of excitations.
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Figure 2.12: (a) Schematic sequence of band-mapping process. (b) Absorption
image of band-mapped momentum distribution after 15 ms TOF. The depth
of optical lattice in both direction was V = 10F,. Dashed lines indicate first

Brillouin zone. Because k, = v/37/\ and k, = 2mw /A, length of Brillouin zone
differs about 13%.
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In experiment, modulation spectroscopy is applied after the optical lattice
loading. Following short stabilization time of 10 ms, lattice depth is modulated
for 2 ms with sinusoidal profile. Modulation amplitude is about 10% of optical
lattice depth, aepoxynd modulation frequency is varied over few tens of kHz.
After lattice modulation, optical lattice potential is linearly ramped down to
zero within 0.5 ms, follwed by 15 ms TOF, to resolve quasimomentum and

band states of excited atoms.

2.5 Two-photon Raman transition

When the matter is under the two optical fields, stimulated absorption and emis-
sion of photon can occur, leading momentum and energy transfer. In condensed
matter, transferred momentum and energy typically excites specific vibrational
modes. Similarly, stimulated two-photon Raman transition exerts momentum
and energy to atoms. Figure 2.13 shows schematic view of two-photon transi-
tion. When atoms absorbs photon with momentum k; and emit photon with
momentum ko stimulated by optical field, atom acquires momentum k; — ko
and energy hA(w; — wsy). If dispersion of atom is given by free particle disper-
sion, the resonance condition is uniquely defined due to momentum and energy
conservation. The two-photon transition can occur between momentum states,
either with or without changing other states. In the view of atom optics, the
situation is analogous to the Bragg diffraction, as matter wave is diffracted by
optical lattice formed by two optical fields.

The stimulated two-photon Raman transition can be described by simple

three states scheme. Suppose that an atom is illuminated by bichromatic optical
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Figure 2.13: (a) Two states coupled by two optical fields, where A; = w; — wy; is
detuning of optical field to excited state. (b) Momentum transfer on atoms from
the light field. (c) Stimulated Raman transition in atoms. Atomic states are de-
scribed by spin state m and momentum ¢. Different spin states m,m’ can be
energetically shifted by Zeeman shift, and momentum states follow free-particle
dispersion. When the energy and momentum conservation condition is satisfied,
two states are coupled by stimulated two-photon Raman transition. When the
spin state is preserved (m — m), it is often called as Bragg transition because
it is equivalent to the situation, where the atoms are scattered by moving op-
tical lattice. (d) The absorption image of momentum distribution after Raman
transition followed by 15 ms TOF. Atoms are initially prepared in m = —5/2
state by optical pumping. Only specific momentum class of atoms that satisfy
resonant condition, | — 5/2,0), are transferred to the | — 3/2, 2kg).
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fields with frequency w; and ws,
E(’f’, t) = élEl COS(kl T — wlt) + é2E2 COS(kQ T — u}gt), (215)

where ¢; is polarization vector of the field. For simple three-states configuration

of atom, the atomic Hamiltonian can be described as

2
Hy = o~ — oot [1) (1] = i |2) (2], (2.16)

where the energy of excited state |0) is taken to be zero. In the rotating wave ap-
proximation and dipole approximation, the atom-field interaction Hamiltonian

Hprp = —d - E is given by

Hap =Y 5 (]i){0]e™ ™ + H.c.), (2.17)

where Q; = —(i|é;-d|0) E;/h is Rabi frequency which describes coupling strength
between |i) and |0) through optical field E;. The effective Hamiltonian of the
system under the adiabatic elimination of excited states, assuming sufficient

detuning to excited state, is given by
o + B (A + &) + m—R(|1><2|ei<k2-k1>~r +Hec) (2.18)
e 2m - 7 (2 2 M) .

where A; = w; —wy; is detuning of optical field to excited state, and & = Q2/4A
is AC Stark shift with A = (A; + Ay)/2. The Raman Rabi frequency Qp =
02195 /2A describes coupling strength between two states |1) and |2) through
two-photon Raman transition.

In real atomic system, the excited state is not given by a single state
in general. To properly calculate the strength of Raman transition, every pos-
sible transitions must be counted. For example, considering |'Sy, F' = 5/2) —

2Py, F') transition, there are three excited states F' = 7/2,5/2,3/2 due to
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hyperfine splitting. Then, the Rabi frequency of Raman transition between

mp <> m’p using these excited states is given by

9194
0 :§
R — 2 p
3mc? Crromp(€)Crrme (€)
= r ‘ L 1.1, 2.1
2w8 3 (Z AF/ ) €Te ( 9)

I
where wy is frequency of light and I' is natural linewidth. Cg ,,,. (e) is Clebsch-
Gordan coefficient for mp — m/l. = mp + e transition with polarization e.
The expression can be expressed in terms of one excited state by noting the
symmetry of the electron wave function [78], which leads to Qg ~ Apps/AZ,
for specific F', where Aypg is hyperfine splitting [79]. The useful parameter for
experiment is ratio of Raman transition strength to inelastic scattering rate
Qgr/Ty,, and it scales as ~ Agps/T" [78].

In our setup, laser blue-detuned by 1.97 GHz from 'Sy, F = 5/2) —
Py, F = 7/2) transition is employed to induce Raman transition. The laser
light detuned by 1.81 GHz is divided, and pass another 80 MHz AOM in double
pass scheme respectively. Each Raman beam is delivered by an optical fiber and
focused into the atomic cloud with beam diameter of ~ 300 pm. It is sufficiently
larger than the trapped sample ~ 30 pm, which can reduce inhomogeneity of

beam intensity over the whole sample.

2.6 Periodic shaking of optical lattice

The position of optical lattice can be manipulated by two approaches.
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Frequency modulation

Frequency difference Ar between two optical lattice beams leads moving optical
lattice with velocity v = a;, Av, where ay, is lattice spacing. If frequency differ-
ence has time-dependence, inertial force F' = —ma = —maypAp(t) is exerted on
the atoms in co-moving frame. In our setup, the position of optical lattice is
periodically driven by modulating the frequency of one of optical lattice beams.
By controlling the RF of AOM, frequency of the 1st order beam can be modu-
lated by vy + Av(t), where vy is frequency of Oth order beam, while the other

lattice beam is maintained at frequency vy.

Mechanical modulation

Optical lattice can be spatially modulated by mechanically shifting the optical
path length. For retro-reflected configuration of optical lattice, it can be easily
achieved by shifting the position of the mirror. In our experiment, position of
mirror is precisely controlled by high bandwidth piezo chip. The piezo driven
mirror is composed of three piezo chips (PA4CE, Thorlabs), low mass mirror
(BB03-E02, Thorlabs), and a base plate for commercial optomechanical mirror
mount. The nominal free stroke of piezo chip is 2.0 ym, which can cover shift
about 7 lattice sites. A low capacitance of piezo chip (22 nF) is suitable for the
high frequency modulation up to few hundreds of kHz. Piezo chips are glued
to the brass base plate with epoxy in tripod configuration to cover the area of
mirror. The alumina end plates (PKCEP4, Thorlabs) are glued in between the
base plate and piezo chips to provide insulation. Then low mass mirror (= 0.17
g) is glued above the piezo tripod. By using low mass of mirror relative to

base plate, resonant frequency of the system would be formed at higher values,
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providing sufficient bandwidth.

The piezo mirror was driven by high voltage driver (PX200, PiezoDrive)
that covers frequency up to 100 kHz, which is externally controlled by arbitrary
function generator (AFG1022, Tektronics). Frequency response of the piezo-
driven mirror is measured with Michelson interferometer. Collimated laser beam
(A = 532 nm) consists interferometer, whose optical path length of one arm is
modulated by piezo chip, and the intensity of inferenced signal is monitored by
photodiode.

In measurement, mirror position was modulated with sinusoidal function.
In the limit of small modulation length Az < \/2 at the middle of interference
maximum and minimum, intensity of interference signal linearly depends on the
path length difference of interferometer. Figure 2.14 shows intensity and phase
of interference signal. The observed intensity shows flat response, and the phase
is linearly decreasing up to 80 kHz. The resonance position seems around 100
kHz as phase is clearly deviated from the linear fit. Linear slope of interference
phase corresponds to constant time delay, and we found that piezo mirror has
2.4 us delay after trigger signal. It can be easily compensated by tuning the

trigger timing.
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Figure 2.14: Piezo mirror system. (a) Picture of piezo mirror. Mirror is glued
onto three piezo actuators with epoxy. (b) Schematics of piezo mirror and
Michelson interferometry. (c¢) Amplitude and (d) phase of interferometry sig-
nal with the sinusoidal driving of piezo mirror.
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Chapter 3

Floquet theory and stroboscopic

dynamics

The dynamics of the system governed by time-dependent Hamiltonian is gener-
ally difficult to predict, because instantaneous eigenstates and eigenvalues are
changing at every time step. However, if the perturbation is periodic in time,
the situation can be simplified. Long time dynamics of the system can be ef-
fectively described by time-independent Hamiltonian, which is derived by the
Floquet theorem. A well known example of Floquet system is Kapitza pendulum,
where the pivot point of pendulum is periodically modulated in the direction
of gravity. As the frequency increases, pendulum can oscillate upside down as
if gravity acts in opposite direction. Thus, periodically driven system can show
unique dynamics compared to the static system. In this regard, the concept of
Floquet engineering has gained interests in recent years. This section describes
basic Floquet theory, and perturbative expansion methods which approximate

the effective Hamiltonian.
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3.1 Floquet formalism

We consider a time-dependent periodic Hamiltonian with period of T,

H(t)=H(t+T). (3.1)
The eigenstates of the Hamiltonian are solutions of time-dependent Schrodinger

equation
(1) = H0)J(0) (32

According to Floquet theory, the eigenstates |¢(t)) called Floquet states can be

written in
|n (1)) = exp(—ient/h)|un(t)), (3.3)

where |u,(t)) = |u,(t + 7)) is Floquet mode, and ¢, is quasienergy [80].
Due to the periodicity of Floquet mode, the Floquet states are also eigen-

states of time-evolution operator over one period,

A

Ulto + T’ to)|thn(to)) = exp(—ie T/ )[4 (t0)), (3.4)

where U (t,to) is time evolution operator from ty to ¢, which is generally given
by t
Ut to) = Texp[— %/t F[(T)drl. (3.5)
0
Here 7 is time-ordering operator. From the relation, quasienergy spectrum can
be obtained by diagonalizing U (to+1T,to), and it does not depend on the choice
of arbitrary time t.
The stroboscopic dynamics of each time frame t = ¢y + nT" can be de-

scribed stroboscopic Floquet Hamiltonian [81], which is given by
~ h N
HY = zflog[U(to + T, tp)]. (3.6)
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The stroboscopic Floquet Hamiltonian depends on the choice of initial time %,
while it does not change the quasienergy spectrum. Therefore, Floquet Hamilto-
nians in other time frame are related by gauge transformation. From the relation

of time evolution operator,

~

Ut + T, t)) = U(th+ T, to+ T)U(tg+ T, to)U(to, t))

= Ulto, t) U (to + T, to)Ulto, th), (3.7)

we can derive unitary transformation between Floquet Hamiltonian in different
time frame,

HE = Uto, ) THEU (1, 1)). (3.8)

Time evolution operator for arbitrary times can be written as

Ulty, t1) = Ulty, to + nT)exp[—i HOnT|U (t, 1)

= exp|= iK' (ty))exp[—iHY (ty — t1)]exp[iK (1)), (3.9)

where exp[= iK% (t)] = U(t, to)exp[iH (t — to)], and K'(t) is stroboscopic mi-
cromotion operator. This description depends on the initial time ¢y, but one can
find more general description under the proper gauge transformation.

There exists Hermitian operator such that

A

Heg = e/K(t0) ftog=iK(to), (3.10)

where K (to) is referred as kick operator which is periodic in time, K (to+nT) =
K (to), and H.g is effective Hamiltonian. The time-indepedent effective Hamil-
tonian can be found by transforming the time-dependent Hamiltonian with

unitary gauge transformation. Assuming

[6(1)) = U] (t) = XDl (1), (3.11)
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then by plugging the equation to the time-dependent Schrodinger equation,

L0 A
iho:16(8)) = Glo(t)), (3.12)
where A
A PSR - Detk®)
G = BO[(t)e B 4 ihTe”K(t). (3.13)

One can assume that unitary transformation ¢'A®) maps H(t) into time-independent

Hamiltonian G = Heq. Then the time evolution operator can be written as [82]

Ulty, t1) = e K2 iiflen(ta—t1) ik () (3.14)
In this form of expression, the Floquet gauge dependence is all carried by the
kick operator, so effective Hamiltonian is independent of initial time. The time
evolution is composed of time-dependent micromotion at initial/final step and
evolution by time-independent effective Hamiltonian H.. Also, we can find
relation between stroboscopic micromotion operator and kick operator, such

that

o KR (1) — iR (1) ,—iK (to) (3.15)

3.2 Perturbative inverse frequency expansion

Floquet Hamiltonian can be directly computed from the intergration of time-
dependent Hamiltonian, but the simple form of time-independent Hamilto-
nian is difficult to be derived from this equation. Rather than integration of
time-dependent operators, Floquet Hamiltonian can be perturbatively expanded
when the driving frequency is much larger than the energy scale of the system.

In this section, we present two useful expansion methods.
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Magnus expansion

Magnus expansion is useful approach to compute the stroboscopic Floquet
Hamiltonian. In the high frequency limit, where the driving frequency is higher
than any energy scale in the system, the stroboscopic Floquet Hamiltonian and
micromotion operator can be expanded in a perturbative series as [83]

Hl = Z HI™ Kot Z K™ (¢ (3.16)

n=0
The terms of expansion can be obtained by

Ao — Tlog{TeXp{—% CH(r)dr ]}

Kb(t) = zlog{’TeXp{— —/tOH dT} (- t0>} (3.17)

Then leading terms are given by Magnus expansion [84],

RO Y A .
H}?“:—/ drH(r) = Ho,

T
Ato(1) tO+T
F 2, 3 d72 (11), H(7)]
1 ]' —imw 2 2
S it e )

~ A~

ﬁ?“w(lm [ an [t [, . ) + ), L), A,
(3.18)

KpO®) =0,

~

. 1 /[t .
R0 = [ drti) - mp)

il [ oo (10257 = [ i (12 )
=_—— drH(t - drH(T)( 142
2h|: t+T ( ) T to+T T
1 R ez’mwt _ eimwto
=—>SN H,—— (3.19)
zhwmséo m
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where we have expanded time-dependent Hamiltonian in Fourier series as
H(t)=> Hye™". (3.20)

The zeroth order term of the Floquet Hamiltonian is the time-averaged Hamil-
tonian, and the zeroth-order micromotion operator is zero, so both terms are
Floquet gauge invariant: no dependence on initial time ty. Floquet gauge de-
pence exists on the correction terms of both stroboscopic Floquet Hamiltonian

and micromotion operator, and these vanish in the high frequency limit w — oo.

High frequency expansion

By changing basis, time-evolution can be described by Floquet gauge indepen-
dent effective Hamiltonian H.g and kick operator K (¢). In this description, kick
operator all carries the Floquet gauge dependence. In the high-frequency limit,

H.z and K (t) can be perturbatively expanded [79,82,85],
He=Y HY., K@t =Y K@) (3.21)
n=0 n=0

Following operator expansion,

RO Fre KO B[R A — R (R H]) — (R RRA]) 4
(3.22)
dek® .o OK 1. OK] il . OK
I i) 7 il puiniel
T "ot 2![ ’61&} 3![ ()’[K’ 8t”+ - (329

effective Hamiltonian Heg and the kick operator K (t) can be approximately

obtained. With Fouier expansion of time-dependent Hamiltonian, the effective
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Hamiltonian and kick operator are given by

A =Hy,
(1 [f{myﬁ—m]
HGEH) = Z mhw ’
m##0
. H_ Wo (H_,, H,]]
a2 -5 |l ) B —m, 3.24
N R e e L
m#0 m'#0,m
O(t) =0,
- (1) eimwt
(t) = imthm’
m#0
. imwt ]:I ]:I ] 1 ei(mfm’)wt[f{_ , f{ ]
K@) = 6[# - mhTml | 3.95
®) %J (mhw)? +%g%,mm—mNMP (3:25)

The zeroth order term is simply the time-average of Hamiltonian, and higher
order terms is composed of combinations of different harmonic terms, which
do not commute with each other. For example, the first order term in effective
Hamiltonian describes the effect driven by combination of opposite harmonic

terms, resulting in time-independence.

Two-level system

We consider two-level system with energy gap A driven by time-dependent
coupling. We choose simple sinusoidal modulation V' (t) = A cos(wt). The time-

dependent Hamiltonian is given by

.mo:§@+vw%, (3.26)
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where {0, 0,, 0.} are the 2 x 2 Pauli matrices. Under the rotating frame R(t) =

exp(—iwto, /2),

H'(t) =R'()H(t)R(t) — ihRT(t)%
LA o+ B @, 327

Then we consider resonant driving case hw = A.
Using Magnus expansion method, the stroboscopic Floquet Hamiltonian
up to first order is given by
e A 1 [A\®
HY =50+ 5 <5> [1 — 2cos(2wty)]o. + O(1/w?) (3.28)

The leading terms of the stroboscopic micromotion are given by

to

KR(t) = %[(sin 2wt — sin 2wtg) o, + (cos 2wt — cos 2wty )a,] + O(1/w?)
(3.29)

Using high-frequency expansion method, the effective Hamiltonian up to

first order is given by

A 1 [A\?
Heff :HO = EO'J; + % (5) o, + O(l/wQ) (330)

The leading terms of the kick operator are given by

K(t) = %[% sin 2wt + o, cos 2wt] + O(1/w?) (3.31)

Both expansion methods agree with each other, but show distinctive fea-
tures. Stroboscopic Hamiltonian approximated from Magnus expansion contains
Floquet gauge dependent term, while the effective Hamiltonian approximated
from high-frequency expansion does not have any Floquet gauge dependence.

In the latter case, Floquet gauge dependence is migrated to the kick operator
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Figure 3.1: Dynamics of two-level system under the resonant modulation. The
state is initially prepared in the |[1) = (0,1)T state, and driven by driving
frequency w = 27 x 10 = A/h and amplitude A = 1. (a) Dynamics of the
driven two-level system projected on |1) and (b) proejcted on |y) = (1,4)7/v/2.
The exact dyanmics by solving time-dependent Schrodinger equation is given
by black line. Blue line indicates the dynamics in the limit of w — oo. The
stroboscopic dyanamics and non-stroboscopic dynamics calculated from Magnus
exansion (hollow circles) and high-frequency expansion (red dashed line) well
agree with exact dynamics. (¢) Bloch sphere representation of the dynamics.

K (t). If we are interested in stroboscopic dynamics, we can either use H% or
H.g with K (t). If one is interested in stroboscopic dynamics, Magnus expansion
would be preferable option, because it does not need to compute micromotion
operator K?. In contrast, high-frequency expansion has advantage on studying
non-stroboscopic dynamics and Floquet quasienergy, because H.g is free from
the Floquet gauge.

Let us compare exact dynamics governed by time-dependent Hamiltonian
in rotating frame. The dynamics can be described by time-averaged Hamiltonian
Hy and micromotion vanishes in the high-frequency limit w — co. When the
dynamics starts with initial state [1) = (0,1)7, states will oscillate between |1)
and |2) = (1,0)T with frequency of A/h. However, for finite driving frequency,

dynamics deviates from the H, and shows micromotion at the frequency of the
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driving. The Bloch-sphere representation can give further insight. While the
states are slowly driven from [1) to |2), additional oscillation at the driving
frequency also appears. Both the stroboscopic dynamics obtained from Magnus
expansion, and non-stroboscopic dynamics calculated by high-frequency expan-

sion well agress with the exact dynamics.

3.3 Driven optical lattices

In this thesis, we investigate the periodically modulated optical lattice. Periodic
modulation can be achieved by applying external magnetic field gradient to the
atoms, or modulating the optical lattice potential. The former is appropriate
for alkali atoms and dipolar atoms, but for alkaline-earth like atoms such as
ytterbium, the only option is the latter due to the extremely small magnetic
moment. Therefore, we mainly modulate the optical lattice to engineer the ef-
fective Hamiltonian. The common methods to driving the optical lattice are
using running wave to modulate the on-site energy of the optical lattice, or pe-
riodically modulate the position of the optical lattice to generate inertial force
in comoving frame. For any modulation methods, it can be categorized by the
range of driving frequency: off-resonant or resonant driving. Some intriguing ex-
amples of effective Hamiltonian generated by periodic modulation are discussed

in this section.

Driven lattice with off-resonant shaking

When the driving frequency is not resonant with any energy gap in the static
system, it is classfied as off-resonant driving. We consider one-dimensional opti-

cal lattice, whose position is periodically modulated. The dynamics of the atoms
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are described by the Hamiltonian

. 2V, [,
Hra(t) = ;’—;L + 5 cos [%(x - xo(t))] , (3.32)

where xo(t) = dsin(wt) is trajectory of lattice and Vj is the lattice potential.

By gauge transformation, the Hamiltonian in co-moving frame is given by

Hen(t) = Hya — F(t)d

2V 2
= % + - cos Hx} ~ F(D)z, (3.33)
where F'(t) = —mio(t) = Fpsin(wt). In the co-moving frame with moving

lattice, the Hamiltonian is given by atoms in static optical lattice with additional
time-dependent force term. It is expected that periodic force results in periodic
change of momentum, and effective dynamics would be governed by the average
of time-dependent momentum shift. To clearly visualize the effect of periodic
driving, we will discuss the situation with tight-binding approximation. With
tight-binding approximation, the Hamiltonian can be expressed as

Hrg(t) = Z {[6 — F(t)aj]c;cj — tm(c;cjﬂ + H.c.)}, (3.34)

J

where ¢; is the annihilation operator for the atom in site j of lattice, € =
i dww*(:v—xj)f]statw(x—xj) and t, = — [ dxw*(x—mj)flstatw(x—xj+1) are on-
site energy and nearest-neighbor hopping amplitude, and w(x — z;) is Wannier
function localized at site j. Here, we assume that coupling to higher bands
does not occur, because the driving frequency is not resonant to any band gap
energy. In this form of Hamiltonian, site-dependent energy offset is periodically
modulated. However, the Bloch theorem cannot be applied because of broken

translational symmetry. To recover the translational symmetry, unitary operator

U(t) = exp [% Z /0 t dTF(T)ajc;c]] (3.35)
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is introduced. Under the gauge transformation, the Hamiltonian is given by

Tro(t) = 3 {* [0l + HJ} (3.36)

J
where 0(t) = —% JdTF(T) = K cos(wt), and K = Fya/hw. Now the Hamilto-
nian describes nearest-neighbor hopping with time-periodic phase called Peierls
phase. Fourier components of the Hamiltonian ﬁ’TB(t) — Hy + Yom £0 eimet

are then given by
Hy = Z ecle; — t, To(K)[clej oy + Hel,

Hpzo = — t, szjm —1)"cicji + CJHCJ] (3.37)

and lfL = Ot

m?

where 7, is m th order Bessel function of the first kind.
Applying the high-frequency expansion method, the effective Hamiltonian is

given by
ﬁeH:IA{O—FO(l/wQ)%Z{EC iCj — t ._7(]( )[C Cj+1+HC]} (338)

J

s [H,,, H_,,] = 0. As a result, periodic off-resonant driving renormalizes the
hopping amplitude by zeroth order Bessel function. As K increases, the effec-
tive hopping amplitude decreases and its sign can even become negative. The
bandwidth and position of band minimum can be adjusted by the dimensionless

forcing parameter K [86,87].

Driven lattice with resonant moving optical lattice

When the driving frequency is resonant to some energy gap in static system, the

effective band structure can show intriguing effect. We consider tight-binding
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model with site-dependent energy offset,
Hyoo = —t, Z(c;cjﬂ +H.c.)+ Z Ajcj-cj. (3.39)
J J

Hopping to neighbor sites is inhibited when |A;1; — A;] > |t| as wavefunc-
tions are localized at each site. The hopping between neighbor sites can be
restored by periodic modulation. Let the periodic modulation is driven by ad-
ditional moving optical lattice of potential depth V,, with propagation velocity
of v, = w/2k,,, where k,, = m/a,, is lattice momentum of moving lattice.
In tight-binding approximation, the effect of moving lattice potential can lead
site-dependent on-site energy modulation and hopping, which can be derived

by

O . Vm . .
(1 Hmoa()]7) =5~ (il sin(2kma +w)])
Vin ,
7(0| sin[2k, (x 4+ aj) + wt]|0)
Vin
=—(0] sin {kax + 27r( )j + wt} |0)
2 Am
= sin(pj + wt) (3.40)
(| Hinoa (115 + 1) =5 sin(ipj + wt) + &5 cos(pj + wi), (3.41)
where ¢ = 27 (a/a,,) and
Vin
g 7<0| cos(2k,,x)|0), (3.42)
Vin
il 7(0\ cos(2k,x)|1), (3.43)
Vin
OH 7<0| sin(2k,,z)|1). (3.44)
(3.45)
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If the static optical lattice depth is sufficiently large, ®; terms are negligible.

Then the Hamiltonian with moving optical lattice can be written as
FI@) :[A{stat + ﬁmod@)

=—t, ch]+1+Hc —I—Z +(I>Osm<p]—|—wt)]cc]
We can introduce unitary transformation

i ; o
U(t) = exp[ ; ( — —rcos(pj +wt) + Ajt) 6}%1 :

then the transformedHamiltonian is given by

H'(t) =UTHt)U — m(“ﬁ%—(t]

=—t, Z(e’wi(t)c;cjﬂ + H.c.),
J

where

20 27 +1 A
g;(t) = % sin {gp( ‘7;_ ) +wt} sin <§) + 573

OA;
:K, sin(@j + wt) + Tjt

(3.46)

(3.47)

(3.48)

(3.49)

is time-dependent hopping phase, and dA; = A4 — A;. The Hamiltonian can

be expanded as

. A L
! t) — Z jm<K/> |:<_1)mel(mwﬁ)telm‘PjC;Cj+1 + H(3:| .

(3.50)

Therefore, the effective Hamiltonian is determined by the time-dependent phase

factor mw — A /h, as it decides Fourier components. For example, if the mod-

ulation frequency is resonant to the energy separation between neighbor sites,

namely 0A; = vhw, the effective Hamiltonian is given by

~

H g 0=—1t. ij [ mwwcTc]_H—l—HC]
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Therefore, non-zero complex hopping phase called Peierl’s phase can be engi-
neered by resonant modulation. The site dependent complex phase is given by
©; = pj + /2, so it is tunable by adjusting the ratio between lattice constant

of static lattice a and moving lattice a,,.
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Chapter 4

Topological insulator

Discovery and understanding the phases of matter are important goals in con-
densed matter physics to reveal microscopic and macroscopic states of the sys-
tem. The phases of matter can be often explained by Landau theory, which de-
scribes that the phase transition can be characterized by spontaneous symmetry
breaking of the system. Liquid-solid phase transition can be explained by broken
continuous translational symmetry, and ferromagnetism can be described by the
result of spin rotational symmetry breaking under the critical temperature. In
these phase transition, the long-range order is formed by symmetry breaking.
Although Landau’s approach can explain the phases of matter and its critical
behaviors beautifully, necessity of new paradigm have been claimed after the
discovery of quantum Hall effect [27, 88]. Physical properties of quantum Hall
states are insensitive to smooth changes in material parameters and details,
such as impurity and electron concentration, and it only changes when the sys-
tem undergoes quantum phase transition without symmetry breaking. It was
revealed that topology is closely related to the quantization of Hall conductance,

which can be understood in terms of topological invariant.
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Topological insulators are gapped insulating phase, but it has gapless
states at the edges of system protected by some symmetry. The surface states
are robust to the external perturbations, as long as the topology of system is
maintained. Due to its intriguing transport property, it has been one of frontiers
in modern condensed matter physics. In this chapter, we will review topological
insulators. We first start with the Harper-Hofstadter model, which is a represen-
tative model of 2D topological states. Then we also review the 1D topological

model, the Su-Schrieffer-Heeger (SSH) model and Creutz model.

4.1 Harper-Hofstadter model

Harper-Hofstadter model illustrates the dynamics of the particles in the lattice
in the presence of a external magnetic field, so it is discretized version of interger

QHE [63-65]. The lattice Hamiltonian can be written as

0=~ Z<ei¢ﬁ’mé;rz+1,mén,m + ew%’méL,mHén,m +h.c.), (4.1)

n,m
where the ¢,,, is the fermionic annihilation operator at site (n,m), t is the
hopping amplitude between the nearest-neighbor sites, and (b’fl’m is Peierls phase
factor along direction k. The Peierls phase is related to the Aharonov-Bohm
phase accumulated on moving charged particle in magnetic field. In the absence
of magnetic field, lattice system has discrete translational symmetry. If magnetic

field B = V x A is applied, the electronic wave function acquires Peierls phase

k =

n,m

eAvam /h along the hopping between two sites. Then magnetic flux per

unit cell of square lattice is given by
(I)m,n = fn,n + (me—&—l,n - il,n—i—l - gn,n' (42)
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Figure 4.1: Schematic drawing of Harper-Hofstadter model. The amplitude of
hopping is given by ¢, and the hopping phase is given by gbfnn The artificial
gauge flux is determined by the difference of Peierls phase in the lattice system,
(I)m,n = xm,n + ¢$n+l,n - ¢£¢,n+1 - (b%l,n

Because of U(1) gauge symmetry, Hamiltonian can be simplified under
the proper gauge transformation on A. The lattice Hamiltonian can be rewritten

as

H=—tY (e} mlnm+ePmmmel o enm + He), (4.3)

with Landau gauge ¢,,.m = (0, ®,,,m). Then the hopping phase along Z be-
comes real, while the hopping phase along 3 becomes the magnetic flux per

each plaquette. This is known as the Harper-Hofstadter Hamiltonian.

Berry phase

When the parameter of the system is slowly altered, a quantum state adiabati-
cally evolves: the eigenstate will remain in eigenstate of instantaneous Hamilto-
nian. According to the quantum adiabatic theorem, initial eigenstate [n(R(0)))

of Hamiltoniain H(R(0)) will stay as eigenstate of the Hamiltonian H(R(t)),
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but with some phase factors. Then the instantaneous state can be written as

ut) = e Vexpf — & [are, (R bin(ree).

The second exponential is known as the dynamical phase factor, and the first
exponential is geometric phase factor. The geometric phase can be canceled by

proper choice of gauge. From the time-dependent Schrodinger equation ihd; |1, (t)) =
H(R(t))[¢n(t)),

Opyn(t) = i(n(R(1))|Vr|n(R(1)))0.R(1). (4.5)

The total change around the cycle, the geometric phase can be expressed as a

path integral

%:/Cz(n(R)wRyn(R»-dR:/CdR-An(R). (4.6)

If we make gauge transformation with arbitrary smooth function ¢(R), as

In(R)) — e B n(R)), the A,(R) also transforms as
An(R) = An(R) — Vro(R), (4.7)

so A,(R) is gauge dependent. As a consequence, geometric phase can be can-
celed out by suitable gauge transformation. However, it can’t be removed if the
adiabatic evolution is cyclic, i.e. R(0) = R(T), as Berry had found [30]. Because
In(R(0))) = [n(R(T))), the gauge transformed states also meet the condition
P B n(R(0))) = e# RO |n(R(T))), requiring p(R(T)) — p(R(T)) = 21K,

where K € Z. Therefore, the geometric phase under cyclic evolution

o = ]f dR- A,(R), (4.8)
c
is called Berry phase, which is invariant under the gauge choice.
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Berry curvature and Chern number

By applying the Stokes theorem,

o :Ads_i{<3n(R)|an(R)> B <8n(R)|8n(R)>

oRr " ORY OR+ " ORY
= / ds - Q" (R), (4.9)
S

where S is closed surface by the path C' and Q/(R) is defined as a Berry

curvature. Q*”(R) can be also written as

(n|VgH|m) x (m|VgH|n)

(€m — €n)?

Q(R) =iy

m#n

(4.10)

In this form of formula, the total Berry curvature vanishes for certain R,
>, Q" (R) = 0, so Berry curvature satisfy local conservation law. In contrast
to A(R), the Berry curvature is gauge invariant local quantity, providing local
geometric properties.

Chern theorem is a generalization of Gauss-Bonnet theorem in closed
even-dimensional Riemannian manifold [89]. In original Gauss-Bonnet theorem,
the total Gaussian curvature of closed surface is given by Euler characteristics
of the surface with factor of 2w. The Berry curvature is local curvature that is
given by the form of Levi-Civita connection, and its surface is typically in 2D,
so it follows the Chern theorem. Therefore, integral of Berry curvature in closed
surface divided by 27 is given by integer number, the Chern number C,, = ~,,/27.
The total Chern number of the system would vanish: ) C, = 0. The Chern

number is topological invariant, which is preseved until the gap closing occurs.
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Particle-hole symmetry
We use ansatz for wave function
\Ilm,n — eikmmaeikynaq/}m7 (411>

where 4, = ¥y, —7/(qa) < k, < 7/(qa) and —7/a < k, < 7/a. Here, ¢
is denominator of rational values of flux, /27 = p/q (p,q € Z). Then, The

Schrodinger equation of Harper-Hofstadter Hamiltonian is given by
By = —t[e® i1 + e =, 1 + 2 cos(kya — Pm) ). (4.12)

Let us consider transformation W¥,,,, — ¥m,n = (=1)"*"¥, . Then

the transformed wave function under same ansatz \ifm,n = ethemagikynagoj and
Vg = Um satisfies Schrédinger equation
— By, = —t[e® %y, 1 + e 0, + 2 cos(kya — dm)ihy,], (4.13)

which results in same form of equation but £ — —F. This indicates that if
eigenstate V,, ,, with energy F exist, ¥,, ,, with energy —FE should exist simul-
taneously. This type of symmetry is referred as particle-hole symmetry. The

direct relation between two wave function is given by

VY (kz, ky) = V(ky +7/a, ky +m/a), (4.14)

Ei(ky, ky) = Ef(ky +7/a, k, +7/a), (4.15)

where [(l) is lth subband at £ > 0 (E < 0), starting from £ = 0. As a
consequence of particle-hole symmetry, the Berry curvature of /th band has
relation of

ks, ky) = Qp(ky +7/a, ky +7/a). (4.16)

Then the Chern number of two bands (I,l) will be equivalent: C; = Cj.
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-m/a 0 m/a

Figure 4.2: Energy spectrum of Harper-Hofstadter model at ® = x/2. The
number of sites along y is 41. The edge states (red lines) exists between the
bulk spectrum (black lines). When the Fermi energy FF locates between the bulk
gap, currents at two edges flow in opposite direction. (b) Schematic drawing of
skipping orbit.

Chiral Edge states

The topological invariant cannot be changed unless the band gap is closed. When
the two insulators with different topological invariant are merged with each
other, the band gap must be closed and reopened at the interface. Therefore,
while the bulk is insulating at some Fermi energy, conducting states exists at
the interface.

If one of insulator is vacuum, then the edge states is conducting while the
bulk is insulator. For Harper-Hofstadter model with finite lattice sites in one
of direction, the energy spectrum shows gapless conducting states at the edges,
and the direction of current is opposite [Fig. 4.2]. Therefore, the edge state is
chiral, because it propagates in only one direction. In the classical point of view,
these edge modes can be understood in terms of skipping orbit motion, which is

a natural consequence of cyclotron motion of charged particle at the boundary
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of the system.

4.2 1D topological system

4.2.1 Su-Schrieffer-Heeger model

The Su-Schrieffer-Heeger (SSH) model was originally developed to explain soli-
ton formation in polyacetylene [90]. It is linear polymer, and the electron dis-
tribution is preferred to have alternate bond strength. Intriguing point is that
distinctive two ground states are degenerated. The electronic property of the
polyacetylene can be described by 1D tight-binding model with sublattice basis.
By neglecting the interactions between electron, the dynamics of single electron

in the chain consist of N unit cell can be described by Hamiltonian

N N-1
H=7) (5B, Al +He)+ LY (i +1,A)(,B|+He),  (4.17)
J J

where |7, a) with j € {1,..., N} and o € { A, B} denotes the state of the electron
in j th unit cell and sublattice a. J; and J, describe intra and inter unit cell

hopping (figure 4.3). Corresponding Bloch Hamiltonian is given by
H(k) = [J1 + Jacos(k)|o, + Josin(k)oy, = h(k) - o, (4.18)

where o = {0,,0,, 0.} are 2 x 2 Pauli matrices. The dispersion relation is given
by E(k) = £/ J? + J2 + 2J1J5 cos(k). The energy dispersion clearly shows that
SSH model has gapped phase when J; # J,. At half-filling, the energy of oc-

cupied states can be decreased when the hopping amplitudes are staggered,
so alternate bond configuration is energetically favorable. This staggered hop-
ping (or dimerization) due to the coupling with phonon modes is called Peierls

instability.
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From the momentum space representation, the Bloch Hamiltonian, bulk
property can be well described. Then, we are going to look through the property
of finite size chain in the fully dimerized limit. When |J;| > 0, Jy = 0, every

unit cells are dimerized. The eigenstates are given by
H(lj, A) = 1), B)) = £41(1j, A) £ . B)), (4.19)

showing gapped bulk energy. In another limit, the chain shows intriguing prop-
erty. When J; = 0 and |J2| > 0, the bulk eigenstates are given by

H(|j,B) £ 1j +1,4)) = £ (5. B) £ [ + 1, A)), (4.20)

so bulk eigenenergy is gapped again. However, at the end of chain, there exist

degenerated zero-energy modes,

H|1,A) = H|N,B) = 0. (4.21)

Chiral symmetry and winding number

The SSH model has two sublattice sites in one unit cell. The projector of sub-

lattices are given by
N
Pa:Z|j,Oé><j,Of|, (422)
j=1
where o € {A, B}. We can define operator
I'=P,y— P (4.23)

This operator is hermitian (It = T') and unitary I''T" = 1. Then the SSH
Hamiltonian satisfies the following relation.

~

THT = — H. (4.24)
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Figure 4.3: Schematic diagram of Su-Schrieffer-Heeger model. (a) It is bipartite
1D chain with intracell hopping J; and intercell hopping Js. (b) In the limit of
zero intercell hopping Jo = 0, all the lattice sites are dimerized. (¢) In the limit
of intracell hopping J; = 0, the lattice sites also dimerized again, but the end
sites are remained uncoupled.

This relation indicates that the spectrum of Hamiltonian is symmetric, because
if there exists state [¢)) with energy F, there is symmetric state I'|¢)) with energy
—FE. This type of symmetry is called chiral symmetry.

The bulk Hamiltonian satisfies following relation,
o, H(k)o, = —H(k). (4.25)

Because of the chiral symmetry, the hamiltonian vector h(k) is confined in the
o, — oy plane. Then we can define winding number of the system to describe

topological property of the system [34]

1 d
= — dk—log|h(k)|. 4.26
v= 5oz | dbioglh() (4.26)

The winding number counts the number of times that h(k) wraps the origin
through the Brillouin zone k£ = 0 — 2x. Therefore, it is global property. Fol-
lowing this definition, winding number v = 0 when |J5| < |Ji], while v = 1

when |J| > |Ji]. Then we can classify the phase at |Jo| > |Ji] is topologically
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non-trivial, which has edgestates, while |Jo| < |J1| is topologically trivial. Wind-
ing number defined in bulk can predict the number of edge states, so it follows
bulk-edge correspondence. Alternatively, The topological invariant can be also

characterized by the 1D Berry phase, which is called Zak phase [91]

v i /B b ()]0 () (4.27)

where n is band index and |u,(k)) is eigenstates of H (k). It is given by v = 7
for non-trivial phase, and v = 0 for trivial phase.

The winding number, or the number of edgestates are topological in-
variant. During the continuous change (or, deformation) of parameters, these
numbers are invariant unless the bulk gap is closed. If the parameters cross the
gapless point J; = J,, topological invariants are suddenly changed, showing

topological phase transition.

4.2.2 Creutz ladder

Creutz ladder was first introduced to study end states in the context of lat-
tice gauge theory [92]. Creutz ladder describes cross-linked ladder under the
magnetic field. The tight-binding Hamiltonian is given by

I:I = — Z |:K(6i9a}aj+1 + €7ieb;r~bj+1) + KT(CL}ijrl + b;ajﬂ) + M(a;bj) + H.c.
J
(4.28)
where a; and b; are fermionic annihilation operators at the nth site of the
upper/lower legs. The first term describes the hopping in each leg, and complex
phase 6 is due to the magnetic field. Second term and third terms describe cross-

link and vertical hopping between two legs, respectively. The Bloch Hamiltonian
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is given by

H(k) =2K cos(k) cos(0)] + [M + 2K cos(k)]o, + 2K sin(k) sin(0)o,
=2K cos(k) cos(8)] + h(k) - o (4.29)

where [ is 2 x 2 identity matrix. In the case of § = 7/2 and no vertical hopping
M = 0, the topological features can be easily captured. In the limit of r = 1,
the eigenenergy e+ = £2K. Considering hopping paths, particles cannot hop
two sites apart due to destructive interference between paths. Correponding

eigenstates can be found as
... . . i
[£); = 5{idj,a) +15,0) F (17 + 1,a) +ilj + 1,0))}, (4.30)

where |7, a) is state at jth site and leg . Accordingly, fermions are confined to
the square plaquette and cannot diffuse through the lattice. At the edges of the

lattice, we can find another type of eigenstates,

1 .
|0>1 :E(|1va> + Z|1>b>)

1

V2

These zero-energy two states are confined to the edge sites j = 1, N, resulting in

|0} (IN,a) —i[N,b)). (4.31)

the system topologically non-trivial. It is reminiscent of previous fully dimerized
SSH model, but the edge states in Creutz ladder occurs due to quantum inter-
ference. The winding number v = 1 clearly shows bulk-edge correspondence. In
another limit of Creutz ladder such as M # 0 and r = 0, fermions can be diffuse
throughout the whole lattice without such a zero energy edge modes.

For § = m/2, the Hamiltonian has chiral symmetry as o,H(k)o, =
—H(k). Accordingly, h(k) is confined in o, — o, plane, and winding number

and Zak phase are quantized. In general case, chiral symmetry no longer holds
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due to non-zero identity term. Although chiral symmetry is broken, the Hamil-
tonian has another type of symmetry o, H(k)o, = H(—k), and it also confines
the h(k) in the o, — o, plane. Therefore, the winding number and Zak phase
can be properly defined.

4.3 Synthetic dimension and topological lad-
ders

We reviewed three simple topological models. In practical point of view, topolog-
ical Hamiltonians can be realized by implementing gauge field (Harper-Hofstadter
model), or manipulate different tunneling terms (intra- and inter-cell hopping
in SSH model / vertical and diagonal hopping in Creutz ladder). The ultracold
atoms in optical lattices easily provides the lattice Hamiltonian, but gauge field
is difficult to be produced by external magnetic field due to its charge neutrality.
Also, quantum tunneling longer than the nearest-neighbor hopping cannot be
independently controlled with monochromatic laser.

Up to now, some techniques have been developed to engineer topological
Hamiltonian in optical lattice. The artificial gauge field in 2D optical lattice
system can be implemented by laser-assisted tunneling [60-62]. By adding lin-
ear energy offset in 2D optical lattice to suppress the next-nearest tunneling,
and applying resonant moving optical lattice, the next-nearest tunneling is re-
stored with complex phase. Then the effective Hamiltonian of this system can
be engineered to the Harper-Hofstadter Hamiltonian [61,62]. SSH model can be
realized by bichromatic lasers with harmonic wavelength A and 2\. The double-

well optical lattice, which is formed by overlapping two optical lattice potential,
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Figure 4.4: Concept of synthetic dimension. The internal degrees of freedom,
such as hyperfine, electronic, momentum, or band states, can be regarded as
extra dimension. If different internal states are resonantly coupled, the resonant
coupling between these states are regarded as hopping constant along that di-
rection. Then the dynamics in 1D optical lattice with internal states can be
directly mapped to the ladder Hamiltonian.

then exactly describes the SSH Hamiltonian [93].

We demonstrated topological ladders under the concept of synthetic di-
mension. The typical lattice sites are physically identified by the spatial location.
In our world, the spatial dimension is restricted to 3D. Synthetic dimension is a
direct mapping of some degrees of freedom to the extra dimensions [94,95]. For
example, if the spin states are regarded as lattice sites, spin degrees of freedom
is directly mapped to extra dimension. Then the resonant coupling between
spin states is mapped to hopping along that dimension. Applying synthetic di-
mension on ultracold atoms in 1D optical lattice, the ladder system is naturally
obtained.

This concept has advantages on the topological band engineering with
optical lattice. First, the edges along the synthethic dimension is sharply defined.
In conventional 2D optical lattice, the boundary of the system cannot be sharply
defined by lattice lasers only. The boundary of the system should be defined

by another repulsive potentials. In contrast, 2D lattice system composed of
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1D optical lattice and synthetic dimension naturally has sharp boundary, so
physics at the edges can be easily observed. Second, the sites along synthetic
dimension can be individually addressable. Therefore, the atoms indexed with
specific lattice site can be observed separately, and hopping constant can be
selectively engineered.

For example, atomic hyperfine states splitted by Zeeman effect can be res-
onantly coupled by Raman transition. Because the Raman transition is moving
optical lattice, the resonant coupling between two hyperfine states accompanies
with lattice position dependent complex phase, as we discussed in Chapter 3.
Therefore, the dynamics described by effective Hamiltonian contains the artifi-
cial gauge field. This approach allows to explore the chiral current at the edge
of the system via state-selective measurement [96,97].

After this chapter, we will present the experimental results on the real-
ization of topological ladders in two different ways: via moving optical lattice
(Raman coupling) and periodic shaking. First method has advantage on tun-
able gauge flux, while the latter has possibility on the independent control of
vertical /diagonal hopping. Therefore, these methods can allow to explore the
chiral edge physics under the artificial gauge field, and the 1D topological phase

in Creutz model, respectively.
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Chapter 5

Cross-linked chiral Hall ladder
with band states

This chapter describes realization of synthetic Hall ladder consists of band
states. In the ladder, the legs are formed by the orbital states of the optical
lattice and the complex inter-leg links are generated by the orbital-changing
Raman transitions that are driven by a moving lattice potential superimposed
onto the optical lattice. The effective magnetic flux per ladder plaquette is tuned
by the spatial periodicity of the moving lattice, and the chiral currents are ob-
served from the asymmetric momentum distributions of the orbitals. The effect
of the complex cross links is demonstrated in quench dynamics by measuring the
momentum dependence of the inter-orbital coupling strength. The experimental

results are published in the following paper.

e J. H. Kang, J. H. Han, and Y. Shin, “Realization of a Cross-Linked Chi-
ral Ladder with Neutral Fermions in a 1D Optical Lattice by Orbital-
Momentum Coupling,” Physical Review Letters 121, 150403 (2018).
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5.1 Introduction

Topological states of matter represent one of the frontiers of modern condensed
matter physics [88,98]. Featuring tunable artificial gauge fields and spin-orbit
coupling [79], ultracold atoms in optical lattices provide a versatile platform to
realize topological states and study their phase transitions in a clean and well-
controlled manner [43,47]. The Hofstadter-Harper model, which is the paradig-
matic example of a topological Chern insulator, was realized in two-dimensional
(2D) optical lattices using laser-assisted tunneling effects [61,62]; the Haldane
model was demonstrated in a hexagonal optical lattice by activating complex
next-nearest-neighbor (NNN) hopping with lattice shaking [66]. The high tun-
ability of the experimental parameters may enable one to explore a broad range
of topological states even beyond the conventional Altland-Zirnbauer classifica-
tion [32,99].

In recent optical-lattice experiments, an interesting framework was intro-
duced to realize chiral ladder systems with one-dimensional (1D) optical lattices,
where the internal atomic degrees of freedom, such as hyperfine spin, are taken
as a finite synthetic dimension and an artificial gauge field is engineered by
laser-induced couplings between the internal states [94,95]. The synthetic lad-
der systems are highlighted by their edges, which are intrinsically sharp and can
be detected by internal-state-selective imaging, thus allowing direct observation
of the chiral edge currents in the systems [96,97,100]. Ladders with complex
hopping amplitudes have been discussed as a minimal model for 1D topological
matter [92] and also as a quasi-1D version of the Hofstadter problem for study-
ing the edge-mode states in 2D topological insulators [101]. In particular, it is

well recognized that NNN hopping, i.e., diagonal cross links between the legs,
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are responsible for the emergence of topologically non-trivial phases in the lad-
der system subject to a magnetic field [101-103]. Therefore, extensive control of
the complex inter-leg links is highly desirable in synthetic ladder experiments.
In this paper, we report the experimental demonstration of a synthetic
ladder scheme using the orbital degree of freedom of the optical lattice system.
The legs of the ladder are formed by the orbital states, and the inter-leg hop-
pings are generated by orbital-changing two-photon Raman transitions that are
resonantly driven by a moving lattice potential. The complex hoppling ampli-
tude is spatially modulated, giving rise to an effective magnetic flux ® per ladder
plaquette, which we demonstrate by observing the corresponding chiral currents
of the orbital states. The key feature of our orbital-based ladder system is that
the cross inter-leg links are significantly strong due to the favorable condition
for the spatial overlap of the orbital wave functions. The complex cross link
effect is manifested in the momentum dependence of the inter-orbital coupling
strength, which we directly demonstrate via momentum-resolving analysis of
the quench dynamics of the ladder system. Finally, we discuss the topological
phase transition, which can occur in the system by further controlling the cross
link, possibly via tailoring the orbital wave functions. Our results present a new
perspective for studies of topological phases with optical lattice systems using

the orbital degree of freedom [104-106].

5.2 Experimental setup

The experimental setup for optical lattice and Raman coupling is sketched in
Fig. 5.1. A two-dimensional rectangular optical lattice is generated by using

Gaussian laser beams with a wavelength of Ay = 532 nm, where a single laser
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Figure 5.1: Experimental setup for optical lattice and Raman coupling. A
rectangular optical lattice is formed by two pairs of 532 nm laser beams
({OL;1, OL,2} and {OL,;, OL,2}) and the inter-orbital Raman coupling is gen-
erated by two 556 nm laser beams (R; and Ry). Raman beam configurations for
(a) ® = 2m(kg/kL) + 7= 1.487 and (b) 2.447.

beam is propagating and retro-reflected along z-axis, and two laser beams are
placed in the xy plane symmetrically with respect to the xz-axis to intersect with
each other at the angle of 27/3. The lattice constants for x and y directions are
given by a, = \/2 = 7/k;, and a, = A/V/3, respectively. The waists of the
lattice beams are ~ 80 pum and the laser beam frequency for the y-axis lattice
is shifted by 200 MHz from that of the z-axis beam. In our experiment, the
depth of the lattice pontential is set to be Vi, = 5E, (Vi, = 20EL,) along
the x (y) direction, where Ep, 5, = M2 — b x 4.1(3.1) kHz and m is the

2
2y )

atomic mass. The lattice depths were calibrated by lattice amplitude modulation
spectroscopy [77].

The moving lattice potential for inter-orbital Raman coupling is gener-
ated by using two Gaussian laser beams with a wavelength of A =556 nm,
which is blue-detuned by 1.94 GHz from the 'Sy-3P; narrow intercombination

transition line of ™Yb. The beam waists are 150 um, much larger than the
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sample radius of 16 pm, and the intensity variations of the laser beams over the
sample are negligible. This is important to suppress the mechanical perturba-
tions to the sample caused by the inhomogeneous AC Stark shift at a sudden
turn-on of the Raman beams. In our experiment, the frequency difference w for
the two laser beams is much smaller than the band gap energy associated with
the y-axis lattice potential and the y-directional Raman coupling is energeti-

cally prohibited. The wave number kg of the x-directional Raman coupling is

2m

v sin 0 cos 0, where k; o are the wave vectors of

given by kp = (ky — k) - & =
the two Raman beams, 20y is the angle between l;:l and /22, and 6 is the angle
of k1 — ky to the z-axis. In Fig. 5.1, the two Raman-coupling configurations
used in the experiment are shown, which correspond to ® = kg/k; + 7 = 1.487
and 2.44m, respectively. The magnitude ¢; of the coupling between the s and
p bands was experimentally determined by measuring the momentum-averaged
Rabi frequency of band population oscillations, where the oscillations were in-
duced by suddenly turning on the Raman beams to a sample prepared in the s

band. For our experimental condition, the d-band population was less than 8%

during the oscillations.

5.3 Effective Hamiltonian

We consider a system of non-interacting spinless fermions in an 1D lattice poten-
tial V(z) = V1, cos?(krz), where the fermions are perturbed by a moving lattice
potential, 0V (x,t) = Vg cos?(kgx — %) [Fig. 5.2(a)]. The Hilbert space of the
system is spanned by the Wannier states {|j, a)} of the stationary lattice poten-
tial, where j and « are the indices for the lattice site and orbital, respectively.

Regarding the orbital degree of freedom as a virtual dimension orthogonal to
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the real lattice dimension, the system can be viewed as a synthetic 2D lattice
system that has a sharp edge formed by the s orbital, as depicted in Fig. 5.2(b).
When the modulation frequency w of the moving lattice potential is close to a
band gap, orbital-changing Raman transitions are resonantly driven, realizing
hoppings for the synthetic dimension.

In the multi-band tight-binding approximation [107], the Hamiltonian of

a particle in an one-dimensional (1D) lattice potential V(z) = V; cos®(kpx) is

given by
Hy =Y |eachain + (=1 tocl aejra + D) | (5.1)
J,a
where ¢; o (C;,a) is the annihilation (creation) operator of the particle in the
Wannier state |7, a) localized at lattice site j in o band (o = 0,1,2,--- for

s,p,d,---). The on-site energy €, and the tunneling amplitude ¢/, are given by
2

@ = (hal| g+ V(@)]lis) (5.2)
P
to= (U al| 2+ V@)l + 1 a), (5.3)
2m
Now we consider a situation where the particle is perturbed by a moving
lattice potential, 6V (x,t) = Vg cos®(kra — %). At the same level of approxima-
tion, the perturbations can be described by

=D G.aldV(a )i +1.B)e acjip, (5:4)

j7l a’ﬂ

where [ € {—1,0,1}. In the case that the moving lattice frequency w is close to
the band gap energy, the couplings between adjacent orbitals, i.e., |a—f| = 1 are
most relevant and the perturbation Hamiltonian H' can be further approximated
as

Z Z (j,a|5V (x,t)|7 +1, a+1>c]acj+la+1+hc) (5.5)

7, 1=0,%+1
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Figure 5.2: Orbital-momentum coupling in an optical lattice. (a) Schematic of
the experimental setup. Atoms are in a stationary 1D optical lattice poten-
tial V' (z), with lattice constant w/ky, and driven by a moving lattice potential
OV (z,t), with lattice constant 7/kg. The moving lattice induces two-photon Ra-
man transitions between the orbital states of the stationary lattice. (b) Ladder
description of the system. The orbitals constitute the ladder legs along the real
x dimension and the Raman coupling provides the inter-leg links. The complex
coupling amplitude is spatially modulated, resulting in an effective magnetic
flux per plaquette, ® = 2w (kg/k;) + 7. The subplaquette flux distribution is
assigned in accordance with the cross-links indicated by the diagonal dashed
green lines. (c) Amplitude ratio for the direct to diagonal hopping, ¢/t and
(d) their phase difference ¢, as functions of kg/ky.
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Using (j, alk, 5) = 0 for a # 3, the coupling amplitude can be expressed as

t
(4, a|Vg cos® (kRLB — w_) |7+, a+1)

2
= %(0, a| cos <2kR(x +a.j) — wt) |, oo+ 1)
V
=2 [Cg cos(pj — wt) — SL sin(pj — wt)] (5.6)

where a, = 7/ky, is the lattice spacing, ¢ = 27 (kr/kz), C', = (0, a| cos(2kpz)|l, a+
1), and S!, = (0, o] sin(2kpz)|l, o + 1).

In the rotating-wave approximation under unitary transformation
Ur(t) = e@3)cl e, (5.7)
j’a

the total Hamiltonian of the system is given by

H = Hy+H
= 3 [ehatia (D" ied s+ e
o
+% Z (tie_i@ﬂ%l)C;,aCjJrl,a“ + h.c.) , (5.8)
I=+1

where €, = €, — afiw, t5 = £S89 t¢ = Yr|S! —iCl|, and ¢, = arg(S! —iC}).
In the derivation, we used the relations of C? =0, C;! = —C}, and S;! = S},
which are easily inferred from the parity property of the Wannier states. The
coefficients are determined by the distribution of Wannier states and the ratio
kr/kr, as shown in Fig. 5.3. Therefore, the ratio between 5, t¢, and phase term
¢! are mainly determined by kr/ky at fixed optical lattice depth.

In effective Hamiltonian, the first term is the on-site energy in the rotating

frame; the second and third terms describe the nearest neighbor hopping along
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Figure 5.3: Raman coupling coefficients C!, and S!, (I = 0,1) as functions of
kr/ky for (a) s-p orbital coupling (o = 0) and (b) p-d orbital coupling (o = 1).
(¢, d) Corresponding ¢/t and ¢,.
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the real and synthetic directions, respectively; and the fourth term represents the
NNN, diagonal hopping in the 2D rectangular lattice. The position dependent
complex phase factor e’ for orbital-changing hopping results from the spatial
variation of the phase of the moving lattice potential and ¢ = 2m(kgr/kp).
When a fermion hops around a unit cell, it acquires a net phase of ® = ¢ +
m, which can be interpreted as a magnetic flux piercing through the lattice
plaquette [61,62]. Here the phase of 7 in ® is due to parity inversion between two
intermediate orbitals. Taking into account the additional complex phase factor
e'?al for diagonal hopping, a subplaquette flux distribution can be assigned, as
shown in Fig. 5.2(b), where ¢, = ¢/2 — ¢/,. For given orbital wave functions,
t5 /t? and ¢!, are determined to be functions of kx/k;, [Figure 5.3].

The momentum-space representation of the system can be obtained by

the gauge and Fourier transformation

Cia = (2N)71/2 Z ella=Detnligiase (5.9)

q

where 2V is the number of lattice site and ¢ = ng (n = —(N —1),--- ,N) is

the quasi-momentum of the lattice. The Hamiltonian in momentum space is

H = Z [e; + (—1)*2t! cos[q + (o — 1)90]] c;acq,a

q’a

1
—i—§ Z {hQa(q)cg’acq,aH + h.c.] : (5.10)
q,a

where A, (q) = 15 — 2tdcos(q + ap — ¢.,), which shows that the momentum de-
pendence of the inter-orbital coupling strength results from the orbital-changing

hopping process with ¢4 # 0.
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5.4 Ground state and chiral current

Our experiment starts with the preparation of a spin-polarized degenerate Fermi
gas of '™Yb atoms in the |F,mp) = |5/2,—5/2) hyperfine spin state, as de-
scribed in Ref. [70]. The total atom number is N ~ 1.0 x 10° and the tem-
perature is T'/Tr =~ 0.3, where Tr is the Fermi temperature of the trapped
sample. The atoms are adiabatically loaded in a 2D optical lattice, which is
formed by laser light with a wavelength of A\ = 532 nm in the xy horizon-
tal plane. The lattice spacing and depth are a, = A;/2 (a, = A\z/v/3) and
Vie = 5B, (Vi, = 20E,,) along the x (y) direction, respectively, where

ErLow = P2 — b x 4.1(3.1) kHz and m is the atomic mass. Since the

2
2maz<y)

y-axis motion is frozen by the high lattice depth Vi, and the z-axis mo-
tion is irrelevant in the following experiment, our system realizes an effec-
tive 1D lattice system. Here, k;, = 7/a, and the tunneling amplitudes are
{ti,th,th} = hx{0.27,1.72,3.90} kHz [77]. The trapping frequencies of the over-
all harmonic potential are estimated to be {w,,w,,w.} ~ 27 x {64, 49,135} Hz.
After loading the atoms in the lattice, the fractional population of the p orbital
is less than 6%.

The frequency difference w for the two Raman beams is set to w. =
[(e1 —2t7) — (€0 — 2t)] /I, matching the energy difference between the dispersion
minima of the s and p bands. Under this condition, the coupling to orbitals
higher than the d orbital is off resonance and the system can be approximated as

a three-leg ladder consisting of s, p, and d orbitals. Then, the Bloch Hamiltonian
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of the three-leg ladder in momentum space is given by

(g — @) N(q)/2 0
H(g;®) = | m%(q)/2 elq) —hw  B4(q)/2 : (5.11)
0 hQ(q)/2  ex(qg+ P) — 2hw

where the a-orbital energy dispersion is €,(q) = €, —2t%, cos(¢q) and the a-(a+1)
orbital coupling is A (q) = 5 — 2t% cos(q + ap — ),). Here, ¢ is Bloch quasi-
momentum normalized by a,!. Figs. 5.4(a) and (b) show the energy structures
of the ladder system for our experimental conditions. The orbital-mixed ground
band has a chiral region with only one pair of Fermi points, which is analogous
to the chiral edge states in the integer quantum Hall effect [101,108]. We note
that the cross links of the ladder are manifested in the momentum dependence
of Q,(q). In particular, when 2t2 > 5 Q,(q) changes its sign over a certain mo-
mentum range, implying that the topological character of the bands can change
for a strong t4. For the two cases of ® = 1.487 and 2.44m, {t5/td, t5/t4} are
estimated to be {4.2,1.5} and {4.2,2.1}, respectively.

In equilibrium, the relative motion between pseudospin states can be
captured by momentum distribution. If chiral current exists in the system, mo-
tion of atoms in different legs show non-zero relative velocity. For ground bands
in Figs. 5.4(a) and (b), the momentum disbribution n(k) of orbital states show
asymmetry. Here, the atoms in « band are transferred to the a-th Brioulline zone
in the momentum space of free fermions, i.e., a < |k| < a+1 (k is expressed in
units of k7). The asymmetry can be quantified by function h(k) = n(k) —n(—k),
which is directly related to the chiral current. We note that our orbital-based
synthetic ladder shows an explicit broken leg symmetry &, # ¢j. In addition,
on-site energy in rotating frame €/, is also varied at experimentally probed w..

Therefore, chiral currents at the edges of our three-leg ladder (s, d orbitals) show
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Figure 5.4: Energy structures of the ladder system calculated from Eq. 5.11
for (a) ® = 1.487 and t}/tj = 3.4, and (b) & = 2.447 and ¢;/t; = 2.6. The
color indicates the mean orbital value, (). The dashed lines show the bare
band structures for zero inter-leg coupling. (¢, d) Momentum distribution n(k)
and asymmetry function h(k) = n(k) — n(—k) calculated for the orbital-mixed
ground bands in (a) and (b). The signs of the J,’s are consistent with the
experimental data. In the calculation of n(k), the initial momentum distribution
of the s bnad is set to be the same as the averaged lattice momentum distribution
of the sample prepared in the optical lattice without the Raman coupling beams
in the experiment.
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Figure 5.5: Experimental sequence for adiabatic loading and imaging of the syn-
thetic ladder system. The temporal control of the optical dipolt trap (ODT), the
optial lattice (OL), and the Raman beam intensity and detuning are displayed.
The time is not shown in absolute scale.

asymmetric amplitude, and bulk states (p orbital) show non-vanishing current,
in contrast to the symmetric Hall ladder system.

To probe the chirality of the ladder system, we load fermions in the
orbital-mixed ground band and measure the momentum distributions of the
orbitals. Fig. 5.5 shows schematic of experimental sequence for adiabatic load-
ing. First, we turn on the Raman beams at the off-resonant frequency w =
w. — 2m X 6 kHz and ramp w to the target value w, over 8 ms. The ramp time is
limited by the scattering atom loss from the Raman beams, and in our loading
process, the total atom number is reduced by 40%. The momentum distributions
of the orbitals are measured using an adiabatic band-mapping technique [76].
After suddenly turning off the Raman beams, we linearly ramp down the lattice
potential to zero within 1 m and subsequently, take an absorption image of the
atoms after a time-of-flight of 15 ms.

Figure 5.6 shows typical absorption image after band mapping and TOF.
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Figure 5.6: Chiral currents in the fermionic three-leg ladder. Band-mapped im-
ages of the samples adiabatically loaded into the ground band for (a) & = 1.487
and t§/t; = 3.4, and (b) 2.447 and t§/t}, = 3.4, respectively. (¢, d) Corresponding
1D momentum distributions n(k) obtained by integrating the images along the y
direction. k is normalized by k. (e, f) Asymmetry function h(k) = n(k)—n(—k),
demonstrating the chiral currents of the orbitals. (g) Evolution of C = Jy — J,
where J, = f;” h(k)dk, as a function of 5/t for & = 1.487 (red) and 2.447
(blue). Each data point was obtained by averaging twenty measurements from
the same experiment, with the error bar indicating the standard deviation of
the measurements.
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Integrating the measured 2D momentum distribution along the y direction, we
obtain the 1D distribution n(k) normalized as [ n(k)dk = 1 [Figs. 5.6(c) and
(d)]. The chiral currents of the system are clearly observed from the asymmetric
momentum distributions of the orbitals. The momentum asymmetry of the «
band is quantified with J, = f;“ h(k)dk [Figs. 5.6(e) and (f)] [96,100]. Our
measurements show {.Jy, Ji, Jo} = {—0.049,0.020,0.002} for & = 1.487 and
ty = 3.3ty, and {Jy, J1, Jo} = {0.037,—0.019, —0.008} for & = 2.447 and ¢ =
3.5t;. The signs of the J,’s are consistent with the theoretical expectations
shown in Figs. 5.4 (c¢) and (d). It is noticeable that the d-band populations
are quite different in the two cases although the band structures are almost
mirror-symmetric to each other. This difference originates from the different
adiabaticity of the loading process due to the ¢ dependence of the inter-orbital
coupling strengths. In Fig. 5.6(g), we display the evolution of C = Jy — J; as a
function of the relative inter-leg coupling, ¢§/t;. |C| initially increases as t§/t]
increases, which is attributed to the gap opening, and reaches a maximum at
t3/th ~ 4 before decreasing to zero for large t§/tf. In the limit of ¢/t — oo, the
orbital states become fully mixed to suppress the chirality of the system [101,
109]. A similar behavior was observed in a previous experiment with a symmetric

three-leg ladder system [96].

5.5 Quench dynamics in cross-linked chiral lad-

der

Next, we investigate the quench dynamics of the ladder system to demonstrate

the effect of the cross links, wherein fermions are initially prepared in the s-
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orbital leg and the Raman beams are suddenly turned on at w = w.. The
sudden change of €2, will lead to a so-called skipping cyclotron motion along
the ladder edge [96], which provides direct evidence of quantum Hall effect. The
time evolution of the total momentum asymmetry Jio, = ., Jo and the p-band
population n, are shown in Figs. 5.7(c) and (d). The in-phase oscillations for
Jiot and n,, are consistent with the skipping motion expected under a mangetic
flux in the synthetic ladder.

Recalling that the inter-orbital coupling strength is modulated as €2, (q) =
t5 — 2t cos(q+ ap — ¢',), we expect that the cross-link effect can be directly re-
vealed by a momentum-resolving analysis of the quench dynamics. We examine
two cases, ® = 2.447m and 0.527, which show almost the same effective mag-
netic flux ~ 7/2 in a modulus of 27 but different modulation phases of Qy(q)
with ¢y = —0.57 and 0.757, respectively [Figs. 5.7(a) and (b)]. In the case of
® = 2.447 (0.527), the average coupling strength for g > 0, (€2g)., is stronger
(weaker) than that for ¢ < 0, (Qg)_, so the p band population with positive
momentum will show faster (slower) oscillations than that with negative mo-
mentum. Here, the case of ® = 0.527 is generated by reversing the Raman beam
directions from those for & = 1.48~7, i.e., kg — —kg.

The corresponding time evolution of the p band populations with posi-
tive and negative momenta, n,y(t) = ff n(k,t)dk are shown in figure 5.7(e)
and (f). We observe that n,; oscillates faster (slower) than n,_ for & = 2.447
(¢ = 0.527), which is in agreement with that expected from the momen-
tum dependence of y(g). The oscillation time difference is characterized by
N = Tp—/Tps, Where 7,4 is the time at which the first oscillation minimum occurs
in n,y(t), with our measurements giving = 1.92 and 0.81 for ® = 2.447 and

0.527, respectively. We find that our results are quantitatively well accounted for
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Figure 5.7: Quench dynamics of the ladder system and effects of the complex
cross links. Energy band structures of the s-p, two-leg ladder and the inter-leg
coupling strength h€2y(q)/t (red solid) for (a) & = 2.447 and (b) & = 0.527.
Here, t§/t;, = 4 for both cases to clearly show the effect of the momentum
dependence of Q(g). Quench dynamics is initiated by suddenly turning on the
inter-leg coupling to the systems where atoms are initially prepared in the s
band. Time evolutions of the total momentum asymmetry Jiot = Jo + J1 + Jo
and the p-band fractional population n, for (¢) ® = 2.447 and ¢j/t; = 11.3, and
(d) @ = 0.527 and t§/t}, = 8.5. (e, f) Corresponding time evolutions of n,, =

ffn(k,t)dk. The different oscillation periods for n,. reflect the modulations
of Qy(q), which originate from the complex cross links of the ladder. Each data
point is the average of seven measurements, with the error bar showing the
standard deviation of the measurements. Dashed lines plotted in (e),(f) are the
numerical results with (e) ¢3/tf = 11.3, and (f) ¢§/t}, = 8.5.
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by the average coupling strength ratio (Q), /(Qo)_ = (7t — 4tdsin @)/ (7t +
4tdsinp)) = 1.9 and 0.7 for ® = 2.447 and 0.527, respectively. We also ob-
serve that the numerical simulations based on equation 5.11 show reasonable

agreement with the experimental data.

5.6 Topological phase transition

In this section, we discuss the topological phase transition of the cross-linked
chiral ladder system, which is anticipated to occur with an increasing cross-link
strength. The three-leg ladder model described by H(g; ®) in Eq. 5.11 consti-
tutes an 1D three-band system and its topological property can be characterized

by the Zak phases of the bands [91]. The Zak phase is defined by

vy =i / ()8, [u™) da, (5.12)
BZ

where wy is the cell-periodic Bloch function of the n-th band and by numerically
calculating vz of, e.g., the orbital-mixed ground band, we may investigate on
the condition for the three-leg ladder system to have a topologically non-trivial
phase. In a two-band model such as the Creutz ladder model [92], it can be easily
understood that a topologically non-trivial band with vz # 0 will appear when
the inter-band coupling amplitude changes its sign at the two distinct band
crossing points because it means that the spin texture of the mixed band has
a full winding in the pseudo-spin space composed by the two band states. In a
similar manner, we expect that the topological property of the three-leg ladder
system would be determined by the sign changes of two coupling amplitudes
Q0(q) and ©24(q), and their relative positions to the band crossing points which
are determined by ¢ and ¢/,.
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Figure 5.8: Zak phase 7z of the ground band of the three-leg ladder system (a)
in the plane of ¢ and t3/td for {t5/t{, v}, )} = {1.7,—m/2,7/2}, and (b) in
the plane of ¢ and f, for {t5/td, t5/t¢, 0} = {1,1.7,7/2}. The yellow regions
indicate the topological regimes with vz = 7. The white dashed line in (a)
indicates the line with ¢3/td = 2. In the experimental condition for ® = 1.447
(o = 0.44m), {t3/t8,t5 /td, ©p, o)} = {4.2,1.5, —0.757,0.247}.
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Figure 5.9: Topological phase transition of the three-leg ladder system. Band
dispersion of the system for (a) t3/td = 2.5, (b) 1.15, and (c¢) 0 with
{kp/kp, td/to t5 /th t4/to oh, 0y} = {0.24,1.5,6.1,3.6, —m/2,7/2}. The Zak
phase of the ground band changes from vz = 0 in (a) to 7z = 7 in (c). The
topological phase transition is featured with a gap closing in the boxed region
in (b).
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We calculated the Zak phase vz of the orbital-mixed ground band over
the parameter space of our ladder system and identify multiple regions of topo-
logically nontrivial phases with v, # 0 for t§/td < 2. Some of the calculation
results for a parameter region close to our experimental condition are displayed
in figure 5.8. We find that a topological phase with vz # 0 can emerge in the
system for the variations of the complex cross-link amplitudes. In particular,
we observe that the topologically non-trivial phase exists only in the regions
with ¢/t < 2. This is consistent with our anticipation from the relation of
hiQa(q) = t5 — 2t cos(q + ap — ), where the inter-band coupling amplitude
changes its sign in a certain range of ¢ for 2 /t¢ < 2. Band gap closing occurs at
the boundary of Zak phase, which is direct property of topological phase tran-
sition as shown in figure 5.9. One additional observation is that the Zak phase
also depends on ¢ and ¢}, even for fixed t5/t¢ < 2. It would be interesting to
clarify the geometric meaning of having nonzero -, in terms of the sign change

of 2, and the band crossing points in the pseudo-spin-1 system.

5.7 Conclusion

In conclusion, we realized a cross-linked chiral fermionic ladder based on the
orbital states of a 1D optical lattice. The chiral edge currents were observed
and the cross-link effect was demonstrated by the momentum dependence of
the inter-orbital coupling strengths. The orbital-based synthetic ladder system
shows an explicitly broken leg symmetry with ¢t/ # t},, providing an interesting
opportunity for studying topological phases that are protected by unconven-
tional symmetries [99,110]. As a means of controlling the strength and phase of

the complex cross link, tailoring the orbital wave functions by engineering lattice
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potential is conceivable [111]. Our orbital-momentum coupling scheme can be
extended to multiple hyperfine spin states, which would allow for interactions

between fermions [112].
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Chapter 6

Topological ladder in resonantly

driven optical lattice

This chapter describes experimental realization of a Creutz ladder for ultracold
fermionic atoms in a resonantly driven 1D optical lattice. The two-leg ladder
consists of the two lowest orbital states of the optical lattice and the cross inter-
leg links are generated via two-photon resonant coupling between the orbitals
by periodic lattice shaking. The characteristic pseudo-spin winding structure
in the energy bands of the ladder system is demonstrated using momentum-
resolved Ramsey-type interferometric measurements. The experimental results

are published in the following paper.

e J. H. Kang, J. H. Han, and Y. Shin, “Creutz ladder in a resonantly shaken
1D optical lattice,” New Journal of Physics 22, 013023 (2020).
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6.1 Introduction

Topological phases such as quantum Hall states and topological insulators rep-
resent intriguing physics beyond the conventional Landau paradigm of phase
transition [98,113]. Motivated further by their novel transport properties, the
study of topological phases constitutes one of the frontiers in modern condensed
matter physics. Ultracold atoms in optical lattices, featuring tunneling ampli-
tude engineering and tunable interaction strength, provide a unique platform for
realizing and exploring such exotic topological states [48,114]. Along with the
steady development of experimental techniques, many topological model sys-
tems have been recently realized, which include the Harper—Hofstadter Hamil-
tonian in 2D rectangular lattices [61,62], the Haldane model in a 2D hexagonal
lattice [66], and various Hall and topological ladder systems based on additional
synthetic dimensions such as internal atomic states [96,97,99,100,115,116] and
lattice orbital states [117].

Periodic lattice shaking is one of the successful tools for exploring exotic
phases in optical lattices. Under periodic modulations of the lattice potential,
the system parameters such as tunneling magnitude [23,86] and phase [87] can
be coherently manipulated, giving rise to a hopping configuration that is difficult
to realize with static schemes. An outstanding example is the Haldane model
realized by circularly shaking a 2D hexagonal optical lattice potential to achieve
complex next-nearest-neighbor hopping [66,68]. From the perspective of Floquet
band engineering, the lattice shaking method has been extensively discussed
even in the resonant regime where the driving frequency is high enough to
match the energy gap between two bands [118]. Such strong orbital hybridization

may enable access to a broader range of effective Hamiltonians [119, 120]. In
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particular, it was anticipated that multi-photon inter-orbital resonant coupling
could yield a special route to engineer topological states [105,121]. Thus, it is
highly desirable to examine the multifarious scope of Floquet band engineering
for the study of topological phases.

In this paper, we experimentally investigate the effects of two-photon
inter-orbital resonant coupling in a periodically driven 1D optical lattice, and
demonstrate the realization of a generalized Creutz ladder for ultracold fermionic
atoms in the shaken lattice system. The Creutz ladder is a cross-linked two-leg
ladder system under a magnetic field, which has been discussed as a minimal
model for 1D topological insulators [92,122,123]. Recently, it was extended to
an interacting case, referred to as the Creutz-Hubbard model, for the study of
correlated topological phases [102,104,124-126]. In our experiment, the two-leg
ladder is formed by the two lowest orbital states in optical lattice, and the cross
inter-leg links are generated via the two-photon resonant coupling between the
orbitals by lattice shaking. Using momentum-resolved Ramsey-type interfero-
metric measurements, we demonstrate the characteristic pseudo-spin winding
structure in the energy bands of the Creutz ladder. We also discuss the exten-
sion of the inter-leg link control with two-frequency driving, where the direct
links are additionally controlled by the one-photon resonant coupling between
the orbitals. Finally, based on the extented inter-leg link control, we propose an
experimental scheme for topological charge pumping in the generalized Creutz

ladder system.
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Figure 6.1: Creutz ladder model. A two-leg ladder system under a magnefic
field. ¢ denotes the intra-leg hopping amplitude and ® is the gauge flux per
plaquette. t, and t; indicate the inter-leg hopping amplitudes in the ladder
along the vertical rungs and the diagonal links, respectively.

6.2 Creutz ladder

The Creutz model describes a spinless fermion system in a two-leg ladder under
a magnetic field [92]. The two-leg ladder system is sketched in figure 6.1, where ¢
denotes the hopping amplitude along the legs, ¢, along the rungs of the ladder,
tqy along the diagonal links, and ® is the gauge flux penetrating each ladder

plaquette. The system’s Hamiltonian is given by
Hep =Y Hmjaem/z)az + t40,) W41 + H.C.} + \I/;.(tvax)\llj} . (6.)
J
where ¥; = (¢;1,¢;2)" with ¢j; being the annihilation operator of the fermion

at site j and leg [ € {1,2}, and o = {0,,0,,0.} are the Pauli matrices. The

corresponding Bloch Hamiltonian is expressed as

Hey,y = 2t cos(®/2) cos(q)L + [t, + 2t4 cos(q)]o, + 2t sin(P®/2) sin(g)o.

= 2t cos(®/2) cos(q)l + hcr(q) - o, (6.2)

where ¢ is the quasimomentum, I is the identity matrix, and hcp(q) = {t, +
2ty cos(q), 0, 2t sin(P/2) sin(q) }. Because the vector hcy, is confined in the zz

plane, its winding around the origin for the whole Brillouin zone (BZ), —7 <
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g < m, characterizes the topology of the ladder system. A topologically non-
trivial state occurs when [t,/ts] < 2, where hcp(gq) fully encircles the origin,
giving a non-zero integer winding number representing the topological char-
acter of the system. The band dispersion of the system is given by E.(q) =
2t cos(®/2) cos(q) £ |hcr(q)]- It is remarkable that with & = 7, ¢, = 0 and
tq = t, the ladder system has Ey(q) = %2Jt|, constituting a 1D topological
system with two flat bands.

The original Creutz model was proposed for a special case of & = =+,
where the ladder system holds chiral symmetry for o,Hcr 40, = —Hew,g [92],
and it is equivalent to the Su-Schrieffer-Heeger model, which belongs to the BDI
class of the Altland-Zirnbauer classification [101,102]. In an extended case of
® # +7, the chiral symmetry is broken, but since hcr, remains in the zz plane,
the topological character of the system is still unambiguously represented by
the winding number of hqr. It was discussed that the topological phase of the
extended Creutz model is protected by a hidden inversion symmetry [127,128].

6.3 Atom in a resonantly shaken optical lattice

We consider an atom in a 1D optical lattice potential V(z) = *Z cos[2 (z — zo)],
where the position xy of the lattice potential is periodically driven as zy(t) =
—d cos(wt + ¢) [figure 6.2(a)]. Here, V7, is the lattice depth and a is the lattice
spacing. In the comoving reference frame with the vibrating optical lattice, the
Hamiltonian of the system is given by H = Hg,y + 0 H with

2

p: Vi 2m
Hstat = % + 7L COs (;$)7

0H = —dwsin(wt + @)p., (6.3)
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where Hg.,; is the Hamiltonian of the stationary optical lattice system with p,
being the atom’s momentum and m being the atomic mass, and d H represents
the perturbation from the inertial force induced by the lattice shaking, which
can make mixing between the energy bands of the stationary lattice system. In
this work, we are interested in the situation where the lattice shaking frequency
w is close to the resonance frequency for the coupling between the two lowest, s
and p bands of the lattice potential [figure 6.2(b)]. From a synthetic dimension
perspective [95], the 1D shaken lattice system can be regarded as a two-leg lad-
der system constituted by the s and p orbitals, where the inter-orbital coupling
by lattice shaking is depicted as the inter-leg links between the two legs.

In a two-band tight-binding approximation, the Hamiltonian of the driven

lattice system is expressed as

H=> UIK®HY, - [TJt)¥,, +Hel, (6.4)

J J

where U; = (¢jp,¢js)", ¢jo is the annihilation operator for the atom in the
Wannier state |j,a) on lattice site j in orbital a € {s,p}. The matrices K(t)

and J(t) are given by

€ —ihi? sin(wt +
K(t) = P 0 ( ®)
ihe! sin(wt + ¢) €s
t, — iht? sin(wt + thiP sin(wt +
—ihiPsin(wt + )  ts — ih3®sin(wt + @)
where €, = (J, a|Hgat|j, @) and t, = —(j, a|Hgat|7 + 1, ) are the on-site en-
ergy and nearest-neighbor hopping amplitude of the o orbital, respectively, and

he? = hwd(j, |(0/0x)|j + ¢, B) is the transition element between the v and

orbitals separated by ¢ lattice sites.
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Figure 6.2: Creutz ladder in a resonantly shaken optical lattice. (a) Schematic of
the periodically driven 1D lattice system. The position of the la,ttlce potential is
sinusoidally modulated with frequency w and amplitude d. The lattice spacing is
denoted by a. (b) The s and p orbitals can be resonantly coupled via one-photon
(v=1) or two-photon (v=2) processes. Two-leg ladder diagrams for the systems
with (c) the v=1 and (d) v=2 resonant couplings. Band structures of the ladder
systems for our experimental conditions with (e) {w/2m,d/a} = {13.4 kHz, 0.05}
and (f) {6.7 kHz, 0.2}, giving ¢t,/h = 1.0 kHz (v = 1) and t4/h = 0.4 kHz
(v = 2), respectively. The blue and red colors indicate the orbital composition
of the energy band, corresponding to s and p, respectively. The dashed lines show
the bare dispersion curves of the s and p bands for {¢,,%,}/h = {0.1, —1.0} kHz.
(g), (h) Corresponding pseudo-spin distributions of the ground bands and their
trajectories on the Bloch sphere.
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When the shaking frequency w is close to wgp /v with integer v, where
wd, = €p/h and €, = €, — €, a resonant inter-orbital coupling would be
generated via v-photon transition process. To explicate the properties of the
inter-orbital couplings generated by the one-photon (v = 1) and two-photon
(v = 2) resonant processes, we calculate the effective Hamiltonian H, éfo) of the
system in a rotating frame with frequency vw, using a high-frequency expansion
method [79,81,85]. The effective Hamiltonian is obtained as HEEE) = H((]V) + H((;V)

with
Héy) = Z {@}(Augz)qjj - [\Ij; (ET]I + trgz)\pj-i-l + H'C'} }
J
0 i o’
HC = Z \Ijj TRE(@)O’$ \Ijj
J

he'h ,
H((;Q) _ Z {@I( 207iw1 R2(2<p)wy) Ui+ H.c} : (6.6)

J

where A, = h(w), — vw)/2, t, = tp;ts, t, = t"gts, Ry (n) = exp(—inn - o) with
n =n/|n|, and h; = hi¥ —hs°. Hél') represents an uncoupled two-leg ladder with
energy imbalance A, and intra-leg hopping, and H(CV) describes the dominant
inter-leg coupling generated by the v-photon resonant process.

The character of the inter-leg coupling given by Héy) is different for the
two cases, v = 1 and v = 2. Hél ) describes the on-site orbital-changing transi-
tions, corresponding to the direct inter-leg links with amplitude ¢, = h¢’/2 in
the ladder system. On the other hand, H, g ) describes the second-order processes
consisting of on-site orbital changing and nearest-neighbor hopping along the
leg direction, giving the diagonal inter-leg links with amplitude t; = h{’hq /2hw.
The difference of H(cl ) and H(C2 ) can be understood from parity conservation;

since the lattice shaking is an odd-parity operation, the two-photon on-site
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transition is forbidden between the s and p orbitals, which have opposite pari-
ties [105]. In figures 6.2(c) and (d), we present the schematic diagrams of the
resulting ladder systems for v = 1 and 2, respectively. Note that the sign of ¢,
is opposite to that of ¢4, and under a proper transformation, the ladder systems
can be viewed as having a 7 gauge flux piercing each ladder plaquette.

The Bloch Hamiltonian of the two-leg ladder system is expressed as
HY) = —2¢, cos(q)I + h,(q) - o, where ¢ is expressed in units of ¢~ and the
h,(q) is given by

hi(q) =t,p1 + [A1 — 2t cos(q)|2

hy(q) =2ty sin(q)pa + [As — 2t, cos(q)]2 (6.7)

with p; = cos(p)& + sin(p)y and ps = —sin(2¢)& + cos(2¢)y. Under a trans-

formation of p, — & and ¢ — ¢ — %, the functional form of HY)

on ¢ becomes
same as that of Hcr,, except the term of A,z in h,. Regardless of having the
additional term, h, is confined in the plane defined by p, and z, and thus, its
winding number determines the topological characteristic of the ladder system.
From equation 6.6, it is obvious that hq(q) cannot encircle the origin, whereas
hy(q) can give winding number of +1 when |As| < 2|t,|. This means that a
topologically non-trivial phase would emerge in the shaken lattice system with
two-photon resonant coupling (As ~ 0). The chiral symmetry is generally bro-
ken in HéQ) due to . # 0, and it was argued that the topologically non-trivial
phase is protected by symmetry composed of time-reversal and mirror symme-
tries [99]. It is interesting to note that one of the topological bands becomes
dispersionless when |Ay| = 2|t,| and 2 = |tt,|.

In figures 6.2(e) and (f), we display the band structures of the two-leg

ladder system with one-photon resonant coupling (A; = 0) and two-photon
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resonant coupling (As = 0), respectively. The pseudo-spin distributions of the
ground bands over the BZ and their corresponding trajectories on the Bloch
sphere are also shown in figures 6.2(g) and (h). In the v = 2 case, the pseudo-
spin trajectory make a great circle on the Bloch sphere, which is the key topo-
logical feature of the constructed Creutz ladder system. In the following section,
we present our experimental investigation, where the focus is to demonstrate

the winding structure of hy(q) in the resonantly shaken lattice system.

6.4 Experiment and result

6.4.1 Experimental setup

Our experiment starts with preparing a spin-balanced degenerate Fermi gas of
I3YDb atoms in the F' = 5/2 hyperfine ground state, which has all the six spin
components equally, in an optical dipole trap [70]. The total atom number is
~ 1.5x10%, and the temperature is ~ 0.357, where T} is the Fermi temperature
of the trapped sample. The atoms are adiabatically loaded in a 1D optical
lattice potential, which is formed along the z-direction by interfering two laser
beams with a wavelength of A\ = 532 nm. The lattice spacing and depth are
a = V/3\1/2 and Vi, = 8E,, respectively, where E, = h?/8ma® = h x 3.1 kHz
(h is the Planck constant). The trapping frequencies of the overall harmonic
potential were estimated to be (w,, wy,w,) ~ 27 x (41,61, 130) Hz. After loading
the atoms in the lattice potential, the fractional population of the p orbital
was about 3%. Shaking of the lattice potential is implemented by sinusoidally
modulating the frequency difference dw;, between the two lattice laser beams as

dwr(t) = Asin(wt + @), which results in lattice site vibrations with amplitude
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d = 7 a [figure 2(a)].

6.4.2 Shaking spectroscopy

We first investigate the resonance condition for inter-obital coupling by measur-
ing the momentum distribution n(k) of the atoms as a function of the driving
frequency w. After preparing the atoms in the s band of the static lattice, we
suddenly apply the periodic driving over 20 cycles, which is longer than the
dephasing time of the system, and we measure n(k) by taking an absorption
image of the atoms after a band mapping protocol [75] and a subsequent time
of flight. In the band mapping, quasimomentum states are transformed onto the
corresponding real momentum states in free space by slowly ramping down the
lattice potential, and n(k) shows the quasimomentum distribution of the atoms
in the s band for |k| < 7 with £ = ¢ and that in the p band for 7 < |k| < 27
with k& = ¢ — sgn(q) x (27), where k is expressed in units of a™'.

In figure 6.3, we display the measurement result of the momentum dis-
tribution change, An(k), from that of the non-driven sample as a function of w.
Here n(k) is normalized as [ n(k)dk = 1. A strong spectral signal is observed in
the range w/2m= 11~17 kHz [figure 6.3(a)]. The spectral peak position follows
the one-photon resonance condition w = wg,(q) ~ [€sp — 4, cos(q)]/h, where
{€sp, t:}/h = {13.4, —0.54} kHz for our lattice parameters. The two-photon s-p
coupling is observed in the corresponding half-frequency range w/27=5.5~8 kHz
[figure 6.3(b)], where the spectral structure appears consistent with the reso-
nance condition of 2w = wg,(¢). In comparison with the one-photon resonance
case in figure 6.3(c), it is noticeable that the signal strength is suppressed at

2w ~ wgy(0) and 2w ~ wg,(£7m), much weaker than that at 2w ~ w,(£7/2) [fig-
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Figure 6.3: Shaking spectroscopy of fermionic atoms in an optical lattice. (a), (b)
Spectra of the momentum distribution change An(k) as a function of the driving
frequency w. The driving amplitude A/27 = 2 kHz in (a) and 4 kHz in (b). The
dashed lines in (a) and (b) indicate the one-photon and two-photon resonance
conditions, i.e., w = wg(q) and 2w = wy,(q), respectively. (c¢), (d) Spectral
profiles of An(k) at various w, indicated by the horizontal lines in (a) and (b).

ure 6.3(d)]. The suppression is consistent with the g-dependence of the trans-
verse field amplitude of hg, hy,(¢) o sin(g), which determines the coupling
strength between the two orbital-momentum states, |g, s) and |q, p).

In the frequency range of w/2r = 11~14 kHz and w/27 ~ 8.5 kHz,
we observe substantial population transfer to the high-momentum region of
|k| > 27, which result from the two-photon and three-photon couplings between
the s and d orbitals, respectively. In the effort to realize an effective two-leg
ladder system, coupling to higher orbitals from the s and p orbitals could be
detrimental, if its magnitude is not negligible to that of the s-p inter-orbital
coupling. In the two-photon resonance condition with A, = 0, which is of our

main interest in this work, the atom loss rate out of the s-p ladder system
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Figure 6.4: Schematic of Ramsey interferometry using two separate pulses of lat-
tice shaking. (a) Schematic of the lattice shaking sequence and (b) the pseudo-
spin evolution on the Bloch sphere for the quasimomentum ¢ state. iLI(H) indi-
cates the direction of h for the first (second) shaking pulse. The orange disk
denotes the precession plane of the pseudo-spin during the intermittent period.

was measured to be ~ 0.17t, for A/2r = 8 kHz (t4/h = 0.4 kHz), justifying
the effective two-band description of the shaken lattice system. In numerical
simulations of an atom in the 1D shaken lattice potential, the atom loss rate
due to the higher-band coupling was estimated to be 0.08t;, which is less than
a half of the experimentally measured value. Further experimental optimization
might help reduce the loss rate, such as phase stabilization of the lattice laser
beams and transverse confinement of atoms with additional yz lattices beams.
It is worth noting that atom-atom interactions, which are present in our spin-
balanced sample, can be a source of heating and atom loss in a periodically

driven optical lattice system [129].
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6.4.3 Ramsey interferometry

In the shaking spectroscopy, the dispersion curve of wg,(q) was measured for
the two-photon resonant coupling and it confirms the axial component of hs
is given by he, = Ay — 2t, cos(q). For verifying the winding stucture of hsy(q),
therefore, it would be sufficient to demonstrate the asymmetric property of its
transverse component, hy ,(—¢q) = —hs ,(q).

As a means to probe the asymmetric property of hs,(q), we employ
a Ramsey interferometry scheme, where two separate pulses of resonant lat-
tice shaking are applied with a variable time interval T.. The lattice shak-
ing sequence is described in figure 6.4(a), where the frequency modulations
are set as dw(t) = Arsin(wit + 1) for the first pulse in 0 < ¢ < 71 and as
dw(t) = Apsin(wnt’ + ¢n) with ¢ = ¢t — (1 + T,.) for the second pulse in
0 < t' < 7. Here, wyay = wl,/viay (w9,/27 = 13.4 kHz) with vyqp=1 or 2
so that during the first (second) pulse duration, the vyqp-photon resonant cou-
pling is generated in the lattice system. In a rotating frame with frequency
wgp = vymwian, the effective Bloch Hamiltonian of the resonantly shaken
lattice system is given by H,(t) = —2t,cos(¢)I + h(q,t) - o with h(g,t) =
—2t, cos(q)o + hy,(g, t)[cos (0(t)) o, +sin (6(t))o,]. During the Ramsey interfer-
ometry sequence, the transverse component of h(g,t) is dynamically controlled
with the lattice shaking parameters, {viar), Ay, @ran }-

For an atom initially prepared in the |q, s) state, its final state after the

Ramsey interferomentry sequence is given by

cp(q)

= Ry (€0 Re ()T By (&) [ ] (6.8)
cs(q) 1

where hyqry is the h vector in the first (second) lattice shaking and &y =
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|hiany|Tiany/ . Here the global phase factor arising from the term of —2¢, cos(q)1I
in H, is ignored under a proper gauge transformation. R (&) represents a rota-
tion around the mn axis by £ on the Bloch sphere formed by |¢, p) and |g, s), and
thus, the system’s overall evolution is described as a composition of three se-
quential rotations which correspond to the time evolutions in the first pulse, the
intermediate period, and the second pulse, respectively [figure 6.4(b)]. As the
time T, of the intermediate period increases, the atom population in the |g, p)
state, n,(q) = |c,(q)* would show oscillations, and its oscillation amplitude and
phases can reveal the geometric relation between hi(q) and hy(q).

In our experiment, we examine two cases of (v, 1) = (1,1) and (2,1)
with oy = 0 and 7 = 27r/w1(H). We measure the momentum distribu-
tion n(k) after applying the two pulses of lattice shaking with increasing 7.
In figure 6.5(a), the measurement result for the (v,v) = (1,1) case is pre-
sented, where the shaking amplitude is set to be Ay /2w = 5 kHz to obtain
&an = /4 for ¢ = £0.77. The population oscillations with increasing 7. are
clearly observed for each ¢ and the oscillation frequency is found to be in good
quantitative agreement with wg,(q) [figure 6.7(a)]. Next, the measurement re-
sult for (v, v11)=(2,1) is presented in figure 6.5(b). In the measurement, the
driving amplitude for the first pulse (1 = 2) is changed to A;/2m = 8 kHz to
keep & = 7 /4 for ¢ = £0.77, whereas that for the second pulse (v = 1) is the
same as in the previous (v1,v11) = (1, 1) measurement. Remarkably, we observe
that the Ramsey signals exhibit an asymmetric fringe pattern with respect to
k = 0, which is in stark contrast to the (v, 1) = (1,1) case where the Ramsey
signals are mirror-symmetric. Based on the fact that the transverse component
of hyi(q) with v = 1 is uniform over the BZ, the observed asymmetric fringe

signals indicate that the transverse component of hy(q) with v; = 2 has opposite
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Figure 6.5: Momentum-resolved Ramsey interferometry signal. Momentum dis-
tribution n(k) as a function of 7, for (a) (v1,vn) = (1,1) and (b) (2,1), where
erany = 0 and 1y = 27 /wian. (¢), (d) n(k) at k = £1.37 as a function of 7.
in (a) and (b), respectively. The solid lines are the damped sinusoidal function
fits to the data. Each data point was obtained from seven measurements and
its error bar indicates their standard deviation.
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directions for ¢ > 0 and ¢ < 0, i.e., he ,(—¢q) = —hs ,(q), thus corroborating the
winding structure of hs(q).

In figures 6.5(c) and (d), we display the population n(k) at k = +1.3m,
corresponding to n,(¢ = F0.77), as a function of 7, for the (v, 1) = (1,1)
and (2,1) cases, respectively. The population shows damped oscillations with
increasing 7., and the damping might be attributed to atom-atom interactions
and/or the spatial inhomogeneity of the trapped sample. From the damped sin-
uoidal functions fit to the data, we measured the phase difference between the
two oscillation curves to be 0.107 for (v, vyr) = (1,1) and 0.777 for (v, vn) =
(2,1), which are slightly different from the expected values of 0 and 7, respec-
tively. We attribute such a small deviation to the off-resonant coupling effect,
which is neglected in our model description and will be further discussed in the
next section.

As a further comparison of the (v, v11) = (1,1) and (2,1) cases, we also
examine the dependence of the Ramsey signal on the driving phases ¢; and
i by measuring n(k = £1.37) as a function of ¢y and ¢y with a fixed evo-
lution time 7, = 100 us [figure 6.6]. For (v1,v1) = (1,1), the two populations
at k = £1.37 oscillate in phase with period of 27 in both ¢; and ¢r1. In con-
trast, for (v, 1) = (2, 1), they show out-of-phase oscillations with a different
period of 7 in ¢y and 27 in ¢y;. This observation is consistent with the different
p-dependence of p; and py. The 7 periodicity of the Ramsey signal with in-
creasing ¢ for v; = 2 is a direct consequence of that the inter-orbital coupling

is generated via two-photon process.
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Figure 6.6: Driving phase dependence of the Ramsey fringe signal. Atomic den-
sities n(k) measured at (a,c) k = —1.37 and (b,d) k = 1.37 as functions of the
driving phases o1 and ¢y for T, = 100 us. (v, vir) = (1,1) in (a,b) and (2,1) in
(c,d). The experimental conditions are the same as those in figure 5. The dashed
lines are guides to the eyes, indicating the maxima of the Ramsey fringes. In the
case of (v, v11) = (2,1), the fringe signal shows m-periodicity with increasing .
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6.5 Discussions

6.5.1 Off-resonance coupling effect

In the model description of the resonantly shaken lattice system, we consider
only the effects of the resonant coupling between the s and p orbitals. Although
the model is efficient in capturing the essential topological features of the sys-
tem, its improvement, in particular, by including the off-resonant inter-orbital
coupling effects would be necessarily desirable for further development of the
ladder system. To evaluate the limitations of the current model, we make a
quantitative comparison between the experimental results in the Ramsey inter-
ferometry measurement and the prediction from the model. In figure 6.7, we
characterize the Ramsey interferometry data presented in figure 6.5(a) and (b)
with the oscillating frequency wy(k) and the phase ¢(k), where {wy(k), ¢(k)} are
determined from a damped sinusoidal function fit to the fringe signal n(7,; k)
at each k. In the (11, 111) = (1, 1) case, we find that the measured {w¢(k), p(k)}
are well described by the model [figure 6.7(a) and (c)]. Here, the model predic-
tion was numerically obtained by calculating equation 6.7 for the experimental
conditions. On the other hand, in the (v, v11) = (2, 1) case, we observe that the
measured oscillation phase ¢(k) shows a quantitatively non-negligible deviation
from the model prediction [figure 6.7(d)]. The deviation is pronounced near
k = 0 and £m. These momentum regions are where the two-photon resonant
coupling is weak for hy ,(q) o sin(g) so that it is not only technically difficult to
precisely determine ¢ but also likely to be sensitive to any off-resonant coupling
effect.

In the two-photon resonance condition, the dominant off-resonant cou-

pling must arise from the one-photon inter-orbital transition process. We spec-
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Figure 6.7: Characterization of the Ramsey fringe signals. The oscillation fre-
quency wys(k) and phase ¢(k) were determined from a damped sinusoidal func-
tion fit to the experimental data for each k. (a) and (c) for the data with
(v1,v1) = (1, 1) in figure 5(a), and (b) and (d) for the data with (v, v11) = (2,1)
in figure 5(b). The grey dashed lines indicate the model prediction calculated
from equation (8). The red dots in (d) show the numerical result for the case
where a uniform transverse vector of (max[h,|/3)2 is added to hp (see the text
for details).
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ulate that its effect might be approximated to direct leakage links between the
two legs, and then represented by a uniform transverse component in h as ob-
served in the case of one-photon resonant coupling. To test the possibility, we
recalculate equation 6.7 for the (v, v11) = (2, 1) experiment with adding a trans-
verse field of h,@ to h; for the first pulse period. We observe that the numerical
result evolves somewhat closely to the exeprimental data when h, increases to
max[h,|/3 [figure 6.7(d)], supporting the leakage-link picture for the off-resonant
coupling effect. The presence of such leakage links has an important implication
that depending on the complex amplitude of the leakage links, A might not be
confined in a plane so that its winding number would be ill-defined. The off-
resonant coupling effects, including those from the coupling to higher orbitals,

warrant further theoretical and experimental investigations in future study.

6.5.2 Shaking with two resonant frequencies

The observation that one- and two-photon resonant couplings bring about the
distinctive effects of direct and cross inter-leg links, respectively, prompts us to
discuss an extension of the inter-leg link control in the ladder by using both
types of resonant couplings. Specifically, we consider a situation in which the
lattice shaking is applied as dwy (t) = Asin(wt) + Asin(2wt 4+ ¢) with Ay = 0.
Here, together with the w driving generating two-photon resonant coupling, the
2w driving provides one-photon resonant coupling. We find that the inter-orbital
coupling effects of the two drivings appears additive in the effective Hamiltonian

at the same level of approximation used in equation 6.6, giving

h(q) = typ1(p) + 2tysin(q)y — 2t, cos(q) 2,
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Figure 6.8: Topological charge pumping in the Creutz ladder. (a) Zak phase
vz in the plane of t,/ts and . The critical points are located at {t,/ts, ¢} =
{2, +m/2}. Along the path encircling one of the critical points, vz continuously
changes by 27. (b) Evolution cycle of the pseudo-spin trajectory of the ground
band on the Bloch sphere as the system adiabatically moves along the red
encircling path in (a). The trajectory line covers the whole Bloch sphere in each
cycle, resulting in one lattice site shift of atoms in the Creutz ladder.

with £, = (A/A)t,. This suggests that the direct inter-leg links can be generated
independently in the Creutz ladder by simply adding a 2w driving; furthermore,
its complex amplitude can be controlled with the driving parameters A and ¢.
Even with the off-resonant coupling effects discussed in the previous subsection,
this two-tone driving method would provide a flexible way to control the inter-
leg links of the Creutz ladder system.

The extended control of the inter-leg links will enable to explore many
interesting aspects of the topological ladder system. First of all, the topological
phase transition of the Creutz ladder can be studied in a controlled manner,
which occurs at {t,, o} = {2t4, 7/2}, accompanied by the band gap closing
at ¢ = £7/2 and a sudden change of the winding number of h(q). Anomalous

scaling of defect formation was predicted for the phase transition dynamics due
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to the topological properties of the system [122]. Equipped with the dynamic
control of the inter-leg links, we can also envisage a realization of a topological
charge pump in the Creutz ladder [103]. For example, when the direct link
parameters {t,,} are controlled to adiabatically encircle one of the critical
points in the parameter space, the Zak phase, vz, continuously changes by 27
per cycle (figure 6.8), which would result in one lattice site shift of atoms in the

ladder.

6.6 Conclusion

We have demonstrated the realization of the Creutz ladder in a periodically
shaken 1D optical lattice via two-photon resonant coupling. The topological
structure of the Creutz ladder was characterized with the winding structure of
hs(q) in the BZ. By the shaking spectroscopy, the longitudinal component of hy
was directly measured as h, = —2t, cos(q), and using the Ramsey interferome-
try, the asymmetric relation of its transverse component, hy ,(—¢q) = —hsa,(q),
was demonstrated. From the observation that one- and two-photon resonant
couplings generate direct and diagonal inter-leg links, respectively, in the ladder
system, we suggested the two-tone driving method of simultaneously exploiting
both resonant couplings, which would allow the controlled study of the topolog-
ical phase transition dynamics and the realization of a topological charge pump.
As another extension of this work, topological flat band engineering may be pur-
sued with the Creutz ladder system, which would provide interesting opportuni-
ties for observing possible emergence of correlated topological phases [130,131].
In interacting two-leg ladder systems, many correlated topological phases and

associated edge states were theoretically discussed [102,104, 124-126]. Finally,
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we also expect that the two-photon resonant coupling method can be readily ap-
plied to 2D optical lattice systems, providing an alternative route to investigate

anomalous quantum Hall states [132,133].
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Chapter 7

Topological pumping in

resonantly driven optical lattice

In this chapter, we numerically study the topological properties of a resonantly
shaken one-dimensional optical lattice system in a two-band approximation,
where the lattice position is periodically driven with two harmonic frequencies
to induce the on-site and site-hopping interband transitions. Using a Floquet
Hamiltonian description, we show that a pair of degenerate edge states appear
for a certain critical driving condition and that the corresponding topological
phase is protected by the chiral symmetry of the periodically driven system. The
Zak phase of the Floquet band oscillates in time due to the micromotion under
the periodic driving and we find that it has a quantized value only when the
symmetry condition is explicitly satisfied. We describe the topological charge
pumping effect arising from a cyclic change of the driving parameters and discuss

its experimental realization with a current optical lattice system.
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7.1 Introduction

Topological insulator has been extensively investigated because of its intriguing
gapless surface states protected by underlying symmetry [98]. In recent, this
unusual quantum phases have been realized and studied in periodically driven
system, which is referred as Floquet topological insulator [68,134-139]. Based
on the Floquet theorem, the dynamics governed by periodic time-dependent
Hamiltonian can be well described by time-inpedendent Floquet Hamiltonian,
replacing properties of static system. Under the proper Floquet engineering,
system can acquire interesting topological properties.

The ultracold atoms in optical lattice is suitable platform to investigate
the Floquet topological insulator, due to its ability to tune the parameters in
large space, and isolation from environment. Periodic driving with proper res-
onant condition can generate non-trivial topological phases. Raman laser cou-
pling can implement synthetic gauge field [61,96,97,116], and shaking optical
lattices can induce next-nearest hopping [66,105,140,141] in optical lattice sys-
tem, which lead to topological phases.

These Floquet engineerings are based on the time-independent descrip-
tion of the driven system. However, Floquet Hamiltonian actually depends on
the choice of initial time, which is referred as micromotion [79]. Because micro-
motion can strongly affect the topological properties and corresponding observ-
ables of the system, studying micromotion will improve understanding on the
Floquet topological phases.

Topological charge pumping is one of peculiar example of manifestation
of topology in 1D quantum transport, where transported charge per pump cycle

is connected to topological invariant [142-145]. It was suggested that topological
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charge pumping can be realized in Floquet 1D system [146], but the effect of
micromotion has not been much dealt with.

Recently, we demonstated that a 1D Floquet topological ladder can arise
in resonantly shaken 1D optical lattice [121,141], whose structure is similar to
the topological two-leg ladder, the Creutz model [92]. Under the proper reso-
nant shaking frequency, non-trivial edge states occur due to the site-hopping
interband transition between two band states. In this work, we present a nu-
merical study on resonantly shaken one-dimensional optical lattice and investi-
gate topological charge pumping. We find that the bulk-edge correspondence of
the Floquet bands depends on stroboscopic timeframe, because of symmetry of
driven Hamiltonian. As a result, Zak phase oscillates within each period, while
the Floquet system maintains degenerate edge states. This crucially affects the

adiabatic transport, resulting in micromotion in pumped charge.

7.2 Resonantly shaken optical lattice

7.2.1 Two-band model description

Let us consider a fermionic atom in a 1D optical lattice potential, V(x — xo(t)),
where the lattice position xq(t) is time-dependent. The lattice position is de-
termined by the relative phase of the two laser beams involved in forming the
optical lattice, and in experiment, its driving can be simply achieved by mechan-
ically modulating the position of a retro-reflecting mirror for the laser beams.
In the co-moving reference frame with the driven optical lattice, the system’s
Hamiltonian is given by

H(t) = % YV (2) - F()a, (7.1)
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where m is the atomic mass and F(t) = —ma(t) represents the inertial force
arising from the driving.

In the tight binding approximation, the Hamiltonian is expressed as

ﬁ(t) = Z [eac;’acm — (tac;acjﬂﬂ +H.c.)

j7a

— F(t)a (jc}acj,a + Z nagcj’acm)} : (7.2)

Ba

where ¢;o (cl,) is the annihilation (creation) operator for the atom in the

Joox
Wannier state |j, ) on lattice site j in a band. e, = (j, a|Hyat|j, @) and t, =
—(7, a|f[stat|j +1, ) with Hgpay = % + V(x) are the on-site energy and nearest-
neighbor hopping amplitude of the a band in the stationary system, respectively.
a is the lattice spacing and n.s = = (j, a|2[4, 3) is the dimensionless dipole matrix
element for on-site interband transition [147]. Under the gauge transformation

with U(t) = exp[—i6(t) ijc;acjﬁa] and 6(t) = —%fot dt'F(t'), the system’s

Hamiltonian is re-expressed as

H(t) = Z |:€ac;r'7acj,a - (toce_w(t)c;[‘7acj+17a + HC)

ja
— F(t)a Z naﬁc;r.yacjﬁ} , (7.3)
BFo
where the third term in Eq. 7.2 is absorbed into the time-dependent tunneling
amplitude.

We investigate a case where the optical lattice is periodically driven with
two harmonic frequencies, w and 2w, i.e., xo(t) = x, cos(wt) + xa,, cos(2wt + ¢)
with ¢ being the relative phase of the two harmonic driving, and the modulation
frequency 2w is close to the energy gap between the two lowest, s and p bands,

resulting strong band hybridization. Here we assume that the two lowest bands
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are energetically well separated from higher bands in the static lattice system
so that the effects of their coupling to the higher bands under the driving are
negligible. We note that this condition can be met by engineering an optical
lattice potential with a double well structure (see Sec.V). Taking the two-band
approximation, we obtain the Bloch Hamiltonian for the system from Eq. 7.3
in the basis of W, = (¢, ¢qs)", Where Cq,5(p) 15 the annihilation operator for

momentum ¢ in the s(p) band, as

~

H(g,t) :(é — 2t cos|q — 9(75)])]1 — F(t)anspo,
+ (e — 2t cos|q — 0(15)])02, (7.4)

where 2 = (e, +€5), 2¢ = (e, — €5), 2t = (t, +15), 2t = (t, —ts), L is the identity
matrix, and o = {0,,0,,0,} are the Pauli matrices. ¢ is expressed in units
of 1/a. In the two-harmonic driving, F(t) = Fy,, cos(wt) + Fpa, cos(2wt + ¢)
with Fy . = malw?, giving 0(t) = — K, sin(wt) — Ko, sin(2wt + ¢) with K, =
Fowa/hw'.

7.2.2 Effective static description

In periodically driven system, Floquet Hamiltonian is difficult to be expressed
in a simple form [81]. However, in the high-frequency limit, where the driving
frequency is sufficiently larger than any other energy scales, we can introduce
perturbative expansion of Floquet Hamiltonian to capture physically essential
features of driven system [79,82 85, 118]. From the expansion method, long-
time dynamics of the system can be described by effective Hamiltonian, which
is time-independent description.

We applied unitary transformation that rotates with frequency hw = €

to investigate resonant process. Then, from the periodically driven Hamiltonian
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Figure 7.1: Effective ladder model of resonantly shaken optical lattice. Band
states compose legs of the ladder, and coherent 1(2)-photon resonant interband
coupling offers vertical (diagonal) hopping between legs. Here, t, denotes the
intraleg hopping amplitude of a band, t,, and t; indicate amplitude of interband
coupling. Relative driving phase ¢ adds hopping phase on ¢,. The opposite sign
of intraleg hopping (ts > 0,t, < 0) results in 7 flux per plaquette.

expanded in a Fourier form as #(t) = 3, e"™“#,,, we can obtain the effective
time-independent Hamiltonian using the high-frequency expansion method,
? ? [7:[7717 ﬁ—m]
Hesr = Ho + _—, 7.5
o=t Y et 75

up to first order term [79,82,85,118]. We obtained the effective Hamiltonian for
H(t) in a form of

~ —

Her(q) = E(q)I + h(q) - o, (7.6)

where E(q) = é-2tJy(K,) cos(q), and the vector h(q) = {—t, cos(y), —t, sin(p)—

2tysin(q), —2t' cos(q) }, with t, = hwKoynsp, ta = KunsptJi(Ky), t = tTo(Ky).
Here 7, is nth order Bessel function of the first kind. It is shown that t, is
induced by fast driving with frequency 2w in zeroth-order process (1-photon
process), while the ¢, is induced by slow driving with frequency w in first-order
process (2-photon process).

The system can be depicted as a two-leg ladder system as shown in

Fig. 7.1 under the synthetic dimensional framework [95]. ¢, and ¢, correspond
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to the amplitudes of the direct and diagonal links between the two legs, so effec-
tive Hamiltonian (7.6) realizes a generalized Creutz ladder model. Specifically,
toplogically nontrivial states can exist in the system because of diagonal links in
the ladder [101]. In the limit of € = ¢ = 0, which is a smooth deformation, effec-
tive Hamiltonian has chiral symmetry at ¢ = +7/2, as 0, He(q)0w = —He(q).
Two distinctive topological phases are separated by critical point {¢,/tq, ¢} =
{2, 4+m/2}, where gap closing occurs. Interestingly, when ¢ # +7/2, symmetry
of the effective Hamiltonian is broken. Therefore, two distinct topological phases
can be adiabatically connected in {¢,/t4, ¢} space. Then, if the system follows a
cyclic path in parameter space {t,/t4, ¢}, pumped charge per cycle is quantized

to integer values [103].

7.3 Topological properties and micromotions

The effective Hamiltonian (7.6) can offer clear and intuitive picture on topo-
logical nature of resonantly shaken optical lattice. In the high frequency limit,
where the driving frequency is sufficiently larger than any other energy scale in
the system, physical properties of the system would be enough to be described
with effective Hamiltonian. However, away from this limit, micromotion within
each period can play crucial role in dynamics and measurement. It is practical to
exatly evaluate Floquet time-evolution operator without further approximation,
which naturally carries information on micromotion.

For periodically driven system, Floquet states are eigenstates of a time-

evolution operator over one driving period T = 27 /w,

0(T,0) = 'Texp( _ % /0 ' M(t)dt), (7.7)
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where 7 is time-ordering operator, and M(t) = H(t) or H(q,t) for finite real
space or bulk momentum Hamiltonian. Its eigenvalue and eigenstates are given
by U(T,0)[¢h,) = e~=nT/"4p,), where e, € [~ %] is quasienergy. As the initial
eigenstate [¢,) at t = 0 will be also eigenstate at t = mT, the dynamics of the

system can be described in stroboscopic manner by Floquet Hamiltonian

e = %log[U(T, 0)). (7.8)

Quasienergy eigenvalues and eigenstates are numerically obtained by di-
agonalizing Floquet time-evolution operator with U(T,0) = ng—ol U(tpir, tn)

A(t,)At], where t, = 2L and At = L. We consider

and U(tyq1,tn) & exp| S

-
the parameters €, = 0, ¢, = 4.4E,, t, = 0.03E,, t, = —0.31E,, which are chosen
at previous experimental demonstration [141], where E, = hr?/2ma?, and using

modulation frequency hw = € = 2.2F,.

7.3.1 Edge states and symmetry

When the frequency of the periodic driving meets the condition hw =~ €, periodic
force induces coherent interband coupling, and corresponding Floquet states can
possess topological states. At x,, # 0 and x5, = 0, we can find degenerate in-
gap states exponentially localized at opposite edges which is a hallmark of 1D
topological phase [Fig. 7.2 (a) and (b)], indicating that the 2-photon resonant
shaking generates non-trivial topological state.

Topological property of the system can be changed when we introduce
high-frequency component, x9, # 0. At ¢ = £7/2, a pair of in-gap states
maintain degeneracy until the critical point z§  that is a gap closing point of
bulk spectrum [Fig 7.2(c)]. Therefore, it suggests that resonantly shaken optical
lattice has two distinctive topological phases, and their topology is protected by
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Figure 7.2: (a) Quasienergy spectrum of shaken 1D optical lattice of length
L = 150. Driving parameter is given by hw = € and z, = 0.11a, without high
frequency driving x9, = 0. (b) Probability density of wave functions for the
in-gap states in (a). (¢) Quasienergy spectrum as a function of z,, at ¢ =
0.57. In-gap states survive and maintain its degeneracy until ciritical point. (d)
Quasienergy spectrum as a function of x, at ¢ = 0.457.

some symmetry. If ¢ # 4+m/2, degeneracy of edge states are lifted by arbitrary
small xq, [Fig. 7.2(d)]. This gives us full controllability on topological property
of the driven optical lattice.

In static system, topological property can be characterized by bulk in-
variant of the bands, following bulk-edge correspondence. For example, bulk
winding number or Zak phase of 1D system with chiral symmetry has direct

relation to the number of edge states. In Floquet system, topological invariant
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also can be similarly defined with quasienergy bands, but symmetry should be
considered in time as well as in spatial dimension. Therefore, choice of timeframe
can play an important role in symmetry, eigenstates, and topological properties.

To simplify the discussion, we neglect the identity term in ’I:[(q,t) by
gauge transformation, which is equivalent to the limit of t;, = —t, and €; = —¢,,.
Since it can be viewed as a smooth deformation, topological property, such as
the number of edge states, is preserved. Then smoothly-deformed Hamiltonian

is given by

H(q,t) = —F(t)ans,o, + (e — 2t cos[q — é(t)])az, (7.9)
where we introduce F(t) = Fpcos[w(t + to)] + Fpaw cos[2w(t + to) + ¢] and
0(t) = —¢ fg dt'F(t') are similar as before except the addition of initial time
to € [0,27/w]. When wty = £7 and ¢ = =£7, the Hamiltonian has chiral

symmerty as it satisfies relation

o, H(q,t)o, = —H(g, —1). (7.10)
Due to the chiral symmetry, the number of edge states corresponds to Zak phase
of quasienergy bands [134,148,149]. From the smooth deformation, Zak phase
of Floquet bands in original Hamiltonian 7.4 can be related to the number of

edge states.

7.3.2 Micromotions

In our system, the micromotion can be directly observed by charge transporta-
tion. As the quasienergy of Floquet state is preserved under the driving, we

can estimate charge transport based on adiabatic theorem. The transport of
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the system is directly related to the Berry curvature of the band in ¢ — ¢ space
Q, [150]. The transported charge of nth band is given by

Acy,(t) = /dt/ dq (7.11)
BZ

where ), = 2[(8w”|8¢"> - <awn|awn>] If we consider closed path in Brillouin

zone, it can be equivalently expressed by [151,152],

Aca(t) / ot / e (1) 24 (1)

dt Oy yn(t)), (7.12)
27r

where 7,(t) =i [, dq(wn(t)mq]wn(t» is Zak phase of nth band [91].

We numerically calculated Zak phase of quasienergy bands of U (to +
T,ty) = Texp[—3 i °+T”H(q,t)], to evaluate its dependence on timeframe. In
Figure 7.3, we present an overview on Zak phase of the resonantly shaken optical
lattice. Figure 7.3(a)-(c) show the Zak phase of lower Floquet band v_ at ¢, =
0,7/4,T/2, as a function of {xa,, ¢} at z,, = 0.11a. The critical point located at
{z5,,¢°} = {0.0044a, £7/2} is fixed under the variation of ¢y, showing preserved
topological property. This critical point precisely corresponds to the t¢,/t; = 2
in effective Hamiltonian description. Zak phase is continuous around the critical
point except the branch cut of size 2m, but, overall features different within .

Zak phase is only quantized at wty = § and ¢ = +7 [Fig. 7.3b], where
ﬂ(q,t) has chiral symmetry. Zak phase of lower quasienergy bands is v = 7
(mod 27) when x4, < z5,, which clearly corresponds to the neqee = 1 at each
edge. If x9, > 2§, 7— = 0 indicates the trivial phase without edge states.

When wty # &5 or ¢ # &7, Zak phase does not correspond to the
number of edge states, because 7:[(q, t) has no chiral symmetry. Nonetheless,

we can discuss topological property of the system. U (to+ T, to) is topologically
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Figure 7.3: (a) Zak phase of lower Floquet band ~v_ in parameter space {za,, ¢}
with fixed z, = 0.11a, at ty =0, (b) to = T'/4, and (c) to = T/2. (d) Zak phase
at ¢ = 7/2, x, = 0.11a, and x5, = 0, as a function of ty. (¢) Micromotion of
transported charge. Amplitude of micromotion is given by 2A+ = [max(y+) —
min(vyy )]/2n. Here, we assume x,, > .

equivalent in ¢y, as no gap closing occurs along the t,. Obviously, quasienergy
is equal in all timeframe, so the number of edge states is preserved in ¢y. For
example, degenerate edge states exist at wty = 0 # £5 [Fig. 7.2(a)]. However,
because the Zak phase of quasienergy bands is ill-defined, its value is not quan-
tized to zero or m [Fig. 7.3(d)]. We can claim that non-trivial edge states are
preserved through the driving period, if the periodically driven Hamiltonian
has well-defined symmetry at certain timeframe ¢;. On the other hand, rela-

tive driving phase can actually lift the degeneracy of edge modes, because ¢
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Figure 7.4: (a) Example of topological pumping trajectory with ¢(t) = ©° +
Zsin(2nt/T,), wou(t) = x5, + a5 cos(2mt/T,). Here, ¢* = n/2 € {¢°} and
aht = 0.43x5,,. This trajectory encircles the topological critical point {z5_, 7/2}.
(d) Floquet quasienergy spectrum of finite system with L = 150, along the
trajectory given in (a). In this spectrum, propagating edge modes exist between
the bulk bands.

can change the quasienergy of the system. Indeed, driven Hamiltonian does not
have well-defined symmetry at any ¢o when ¢ # £7.

In our resonantly shaken Hamiltonian (7.4), Zak phase oscillates within
period for each parameter set, such as shown in Fig. 7.3(d). Following equa-
tion 7.12, transported charge will oscillate, and its amplitude is determined by
Zak phase [Fig. 7.3(e)]. This is direct measurable quantity from micromotion in

our periodically driven system.

7.4 Topological charge pumping

In charge pump scheme, we consider cyclic change of w,,(¢) and ¢(t) in pump-
ing period T, which satisfies o, (t + 1)) = x2o(t) and @(t + T,) = ¢(t). In
equilibrium 1D system under time-dependent cyclic perturbation, eigenstates

are periodic in two dimensions, because Hamiltonian will have periodic bound-
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ary condition in ¢ and t. If parameter changes slow enough, system follows
instantaneous eigenstates of the Hamiltonian. Following adiabatic transport re-
lation (7.11), pumped charge over one cycle is quantized to the first Chern
number [143, 150].

Our topological charge pumping scheme is based on the Floquet states
of the resonantly shaken optical lattice. Although Hamiltonian cannot be ex-
actly periodic under the change of parameters, system can follow instantaneous
Floquet states in the adiabatic limit [153]. Therefore, we can get insight on
dynamics in the adiabatic limit by looking through Floquet quasienergy spec-
trum. In Fig. 7.4(a), we visualize an example of pumping trajectory which is
given by o(t) = ¢° + Fsin(2nt/T,), xa,(t) = x5, + a4, cos(2nt/T,), where
0¥ =7/2 € {¢°} and 25, = 0.43z5,. When the trajectory encircles the criti-
cal point {z§ , v°}, quasi-energy spectrum along the path clearly shows chiral
propagating edge modes in bulk gap, which is an analogue of Chern insulator
[Fig. 7.4(b)]. Therefore, system will show quantized transportation per each cy-
cle. Because the energy gap between bulk bands does not close along the time,
adiabatic condition can be satisfied when the 7}, is sufficiently slower than the
smallest band gap energy.

In numerical simulation, we consider initial state as spinless fermions fully
filled in the lower (or upper) Floquet band, |¢+(q,0)). Then the time-evolved
states |14 (g, t)) are calculated by solving the time-dependent Schrodinger equa-
tion under the periodically driven Hamiltonian (7.4), under the change of pa-
rameters o, (t) and ¢(t). Local current ji is calculated by computing ex-
pectation value of velocity operator o(q,t) = 9H(q,t)/d(hq), with relation

Je(t) = (1/27) [ (a(a,t)[0(q, D)[¥£(g, 1)) [103,150]. Pumped charge is cal-
culated by integrating the local current Acy (t) = fg drjs (7).
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Figure 7.5: Numerically calculated pumped charge (a) when the trajectory en-
circles the critical point {z5_, % = 7/2}, (b) or not {z5,,¢° = 7}. Here the
pumping period is T, = 9007, and z3}, = 0.43z5,. Inset shows micromotion
of pumped charge, whose period is exactly the inverse of resonant driving fre-
quency, T = 27 /w. Dashed lines are expected Ac calculated from effective
Hamiltonian Hg. Faded lines shown in (a) are numerical results with non-
adiabatic condition, 7}, = 507". (c¢) Mean transported charge over 5 cycles along
the trajectory in (a). Red line indicates the scale of smallest energy gap AF
during charge pumping.
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Figure 7.5 shows the numerical results on the charge pumping. In the
adiabatic condition, i.e. T, = 9007 > h/AFE, where AE is the smallest gap be-
tween two Floquet bands, the pumped charge over one cycle is quantized. When
the parameters o, (t) and p(t) encircles the the topological critical point, charge
in the system shifts by one site over each pumping cycle 7}, i.e. Acy(nT,) = Fn
[Fig. 7.5(a)]. When the trajectory of the pumping does not encircle the topo-
logical critical point, for example ¢° = 7, net transport after one cycle is zero
[Fig. 7.5(b)]. This clearly indicates the connection between transport and topo-
logical property. The pumped charge of the upper band is also quantized but
with opposite direction, because v_(t) = —y.(t) in two band model.

The numerical results is in agreement with dynamics of effective Hamil-
tonian description, except the oscillation with period of T'. This is originated
from micromotion of the system. If we assume 7, > T, the values of xq,(t)
and ¢(t) are almost maintained during short period 7. Under this condition,
instantaneous Floquet states and its Zak phase can be approximately defined.
Since Zak phase of the system oscillates, pumped charge shows micromotion in
addition to the global adiabatic current [Fig. 7.5(a), inset].

We note that topological relation in transport does not hold at the non-
adiabatic condition. The numerical estimation of mean pumped charge over 5

cycles indicates that the adiabaticity is broken around 7, = h/AE [Fig. 7.5(c)].

7.5 Discussions

In typical experimental condition, ultracold atoms are initially prepared in the
lowest band of the static optical lattice. In this regard, loading atoms onto the

Floquet states is important preparing topological states. One possible approach
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is slowly introducing the periodic driving in the system, to continuously con-
nect the lowest band of the static lattice to the one of Floquet bands. If the
gap is always opened during the loading process, atoms can be fully loaded
onto the Floquet states in the adiabatic limit. Adiabatic passage can be ob-
tained by ramping up the driving at initial frequency w; and slowly changing
frequency to the target frequency wy, which can minimize Landau-Zener type in-
terband transition. Practical initial frequency w; can be suggested in the range
of €¢/2h < w; < €/h, to reduce undesirable higher-order interband couplings
during frequency ramp.

We note that topology of the Floquet band also should be considered
for efficient loading [154]. Because the lowest band of the static optical lattice
is topologically trivial, gap closing is inevitable if the target Floquet state is
topologically non-trivial. Therefore, to make adiabatic passage, atoms should
be first loaded onto topologically trivial Floquet state. For example, atoms can
be loaded onto lower Floquet band linearly ramping up the driving amplitude
from zero to the z, = 0.11a, x9, > x5, at frequency w; = 0.75(¢/h) initially,
then increasing frequency to wy = €/h slowly. Non-trivial Floquet states can be
prepared by route where o, and ¢ does not cross the topological critical point.

In this work, our numerical results are based on the two-band approx-
imation. Away from this approximation, higher bands in static optical lattice
can be resonantly coupled with two lowest bands. In this case, two-band topo-
logical phase can be interfered due to the participation of the other bands, or
suffered by heating from subsequent interband transition to higher bands. For
example, measurement on signature of topological ladder in shaken 1D optical
lattice implies the participation of higher bands.

To mitigate these effects, double well optical lattice can be employed,
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Figure 7.6: Dispersion of double well optical lattice as a function of Vi, at
Vo = 8E.,.
which is given by

52
. D Vo 2m 4m .
0 < - a:> + - cos < - a:) — F(t)z. (7.13)

By increasing the depth of short lattice potential, Vi, the lowest two bands are
energetically isolated from higher bands [Fig. 7.6]. As the strength of n-photon
resonant interband coupling is approximately given by order of (K,,)" [147], it
can effectively suppress the effect from the higher bands. For example, when
Vo = 8E,, Vi = 8E,, and 2hw = €, — €5, p-band is coupled to d-band via n =
4 ~ 6 process, while s-p bands are coupled via 2-photon process. In numerical
estimation, we found that the participation of higher bands is under 1% up to
K, < 1.4, where driving offers sufficient gap between Floquet bands. Therefore,
effective two-band model can be realized because of negligible resonant coupling
to higher bands.

We have dealt with Floquet topological engineering of single-particle

Hamiltonian. This can be readily extended to many-body physics by adding
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interatomic interactions, which can offer opportunity for exploring many-body
effects on topological properties [102]. However, interactions redistribute ab-
sorbed energy from driving field, so Floquet system will be heat up to inifinite
temperature [155]. In addition, heating can be enhanced further because of com-
plicated excitation spectrum by interaction [129,156,157]. One approach to ob-
serve interacting Floquet states is to find and engineer prethermal state, which is
transient but stable Floquet state before infinite thermalization [158]. In recent,
prethermalization was observed in driven optical lattice system [159,160], and
the existence of prethermal regimes for resonantly driven system were theoret-
ically expected [161,162]. Therefore, experimental investigation on prethermal

state at resonant condition would be interesting future work.

7.6 Summary

We numerically study topological property and topological charge pumping in
resonantly shaken 1D optical lattice. Driven Hamiltonian have symmetry in
specific timeframe where Zak phase corresponds to the number of edge states.
In other stroboscopic timeframe, Zak phase is ill-defined, but degenerate edge
states are preserved in all timeframe. Therefore, although resonant driving gen-
erates non-trivial edge states in the system regardless of timeframe, selection
of timeframe is important to measure quantity related to the Zak phase. The
temporal oscillation of Zak phase is directly related to the micromotion in adi-
abatic transport. As a result, when the system adiabatically undergoes topo-
logical charge pumping sequence, transported charge after pumping period 7,
is quantized, but oscillates in a shaking period T'. It suggests that micromotion

would be vanished if periodic driving maintains the symmetry of Hamiltonian at
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any timeframe. Our results demonstrate Floquet topological states in resonantly
driven 1D optical lattice, and importance of micromotion on experimental mea-

surement.
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Chapter 8

Conclusions and Outlook

The main topic of this thesis was the realization of the topological ladder with
resonant modulation. The ladder Hamiltonian was engineered in 1D optical lat-
tice under the concept of synthetic dimension, where the degrees of freedom are
regarded as extra dimension. Here, the band degree of freedom was first intro-
duced for topological band engineering. By implementing moving optical lattice
(or, Raman transition) and periodic shaking of lattice position with proper reso-
nant condition, the artificial gauge field and next-nearest-neighbor hopping were
successfully demonstrated, which led to the realization of topological ladders:
Harper-Hofstadter like ladder and Creutz ladder.

In chapter 5, resonant coupling between band states are triggered by Ra-
man transition. Raman transition acts as a moving optical lattice, and it offers
a complex phase on resonant transition between band states, which leads to uni-
form artifical gauge field in ladder description composed of real and synthetic
lattce sites. The band state resolved momentum distribution of the ground state
was directly measured by band-mapping technique, and experimental results

indicate chiral ground state. These chiral ground state were stable until the
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localized limit at strong resonant coupling. The experimental results on quench
dynamics, which can be interpreted as skipping orbit motion, also signifies the
effect of strong gauge field. The momentum asymmety in quench dynamics,
originated from the weak next-nearest-neighbor hopping (or, nearest-neighbor
hopping accompanied with band state changing), was also further examined
with numerically predicted dynamics.

In chapter 6, we introduced the periodic shaking of the lattice position
with frequency that is resonant to the energy difference between band states.
Interband transition occurs when the integer multiples of shaking frequency
reached band gap energy, and it was described by ladder model under the syn-
thetic dimensional concept. Two resonant conditions, 1-photon and 2-photon
resonant processes, are expected to generate vertical and diagonal hopping in the
ladder description, which lead to realization of Creutz ladder. In these systems,
the structure of effective Hamiltonian is examined by the resonant condition
and interferometry with band state resolved momentum distribution. Observed
experimental signatures indicated that 2-photon resonant process can generate
topological states. In chapter 7, the extended scheme with two harmonic fre-
quences was suggested to demonstrate topological charge pumping. Zak phase
of the system can be continuously manipulated by changing the relative driving
amplitude and phase between two modulations. The adaibatic changing of pa-
rameters in closed trajectory will fix the transported charge to integer number.
The micromotion and symmetry of the system were also discussed.

In this thesis, the experiments were demonstrated in the small interatomic
interaction regime, and the topological band engineering is based on single parti-
cle physics. In condensed matter physics, many intriguing phenomena are driven

by strong interaction, such as Kondo effect [163] and metal-insulator transi-
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tion [164]. When the interaction is strong enough, the topological band and
the correlation physics will compete with each other. Moreover, new topological
states can arise by spontaneous symmetry breaking due to interaction. There-
fore, implementing strong interaction in our engineered topological band will
allow us to expand our knowledge on topological physics. For alkaline-earth-like
Yb quantum gas, the ratio between interaction and kinetic energy can be tuned
by depth of optical lattice, or the interatomic interaction can be manipulated
through the scattering between two different electronic states, which is often
called as orbital Feshbach resonance [165-167]. With the strong interaction, the
stability of topological states in Hofstadter model which competes with magnetic
order can be studied in optical lattice setup with artificial gauge field [168,169].
Also, 1D topological Hubbard model could be studied with the inclusion of re-
pulsive on-site interactions [102,170]. Moreover, interaction induced topological
Kondo insulator [171-173] could be simulated in the 1D limit with our ladder
system composed of different band states [174-177]. With the aid of tomog-
raphy technique that employs interference between wave functions of different
band states [140], detailed information on correlate topological physics could be
investigated.

Because our topological bands are realized with periodic modulation, the
heating issue will be critical for the interacting system. According to eigenstate
thermalization hypothesis (ETH), driven many-body systems heat up to infinite
temperature, because driving energy will be redistributed and dissipated into
the system through the interaction [155,178|. This inhibits the observation of
exotic correlated topological phases. One route to resolve the heating issue is to
find prethermal regime, which is a interaction time scale of Floquet Hamilto-

nian settled down to exotic phases before the infinite heating [81,179-182]. The
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heating mechanisms in interacting quantum gases in driven optical lattice have
been demonstrated recently [129,156,157,183], and signatures of prethermaliza-
tion were observed [159,160]. Once understanding on heating mechanisms and
prethermalization in our system are achieved, intriguing correlated topological

phases could be observed in prethermal regime with strong interaction.
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