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Abstract

In this thesis, multiband correlated electron systems driven into nonequilibrium by strong
ac-electric fields are studied numerically and analytically. Our fundamental interest is to
understand how multiband electron systems, which exhibit various properties originating
from orbital degrees of freedom already in equilibrium, should exhibit even richer physics
when driven out of equilibrium under the influence of external fields.

We have performed this in two steps. First, we have formulated the multiband Floquet-
DMFT (dynamical mean field theory) as a basis for simulating multiband correlated systems.
This is done by extending the previously developed Floquet-DMFT for single-band electron
systems to multiband electron systems in ac-electric fields. We also clarify the connection
between our formalism and the photo-induced Berry curvature, which is extensively studied
in the context of Floquet topological insulators. This is the first study to establish a multiband
extension of Floquet-DMFT formalism.

Using the multiband Floquet-DMF'T, we then study two interesting multiband systems,
the dp-model and the honeycomb-Hubbard model (the Hubbard model on honeycomb lattice)
in ac-electric fields. In particular, we choose circularly polarized lights that are known to
drive novel physics such as photo-induced topological phase transitions.

Our interest in nonequilibrium steady states of the dp-model in strong ac-fields is moti-
vated from recent pump-probe measurements in high-7'. cuprates. We investigate electronic
structures in the dp-model in strong circularly polarized ac-fields and obtain novel photon-
dressed band structures and nonequilibrium distribution functions which indicate a popula-
tion inversion. Specifically, we have calculated optical conductivities and found characteristic
features (negative optical conductivities) in the nonequilibrium situation. We have also dis-
cussed how the Zhang-Rice singlet band behaves under the influence of external fields.

We then study nonequilibrium steady states of the honeycomb-Hubbard model in circu-
larly polarized electric fields, as a paradigm for the interplay between photo-induced topolog-
ical properties and electron correlation. We have revealed, by numerical calculation of elec-
tronic structures and optical conductivities, that the system exhibits a novel phase diagram
where we have both photo-induced Mott transitions and topological-to-topological phase tran-
sitions. To give a physical insight into the numerical result, we develop an analytic pertur-
bation theory for Floquet states, which provides a picture that the correlated electron system
on honeycomb lattice in an intense circularly polarized field has an effective Hamiltonian for
an anomalous quantum Hall system (Haldane model) where the topological number changes
sign many times as the field strength is increased.
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Chapter 1

Introduction

1.1 Physics of multi-orbital many-body electron systems

Electrons in solids exhibit amazingly huge variety of physics. In fact, materials surrounding
us show various properties such as electric conductivity, optical or magnetic properties, and
so on. The complexity and diversity of phenomena in electronic systems may be surprising
since, in a microscopic point of view, electrons in a solid are simply described in terms of the

Hamiltonian,
T = o+ T, (1.1a)
Hy = ; f driy! [—%W + V@) | per), (1.1b)
76, = % 2 f f drdr'y} @y () lr‘i,l Vo (ryo(r), (1.1c)

oo’

with electron field operator y,(r) for spin o, Planck’s constant 7 = 1.05 x 10734J - s, the mass
of an electron m = 9.11 x 10~3'kg, and the elementary charge e = 1.60 x 10719C. #, and .#;
are the kinetic energy and the potential energy from Coulomb repulsion among electrons, re-
spectively. The scalar potential V(r) represents the Coulomb attraction between an electron
and nuclei that are periodically arranged, forming a lattice structure of the material. In the
Hamiltonian Eq. (1.1), material dependence only appears in the periodic potential V (r).

It is important to treat the noninteracting Hamiltonian ./, which contains the material
dependence, properly so that one can capture the electronic states subject to the periodically
arranged nuclei. The standard way to do that begins with reinterpreting the Hamiltonian in
terms of noninteracting atomic orbitals, which is the so-called tight-binding approximation.
In this approximation, one first picks up a nucleus in the solid. The isolated atom forms
atomic orbitals as depicted in Fig. 1-1. Atoms in a unit cell are arranged periodically and
thus one can make electronic states with a wave vector k as

Y e Rig,,(r—R)), (1.2)

VN5

using atomic orbitals ¢4 (r — R ;) with an orbital index a and the position R; of a unit cell

Prao(r) =
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(N, is the number of unit cells). Using the atomic orbitals as a basis, we expand the electron
field operator as

Yo(r) = Z¢kaa(r)*ckaa = Z(:baa(r _Rj)*cjaa (1.3)
ka Jja

with cgqo and cjqs the fermionic annihilation operators for the electronic states labeled by

(k,a,0) and (j,a,0), respectively. This representation leads to the tight-binding Hamilto-

nian,

1 . s .
A= > t?lﬁc;wczﬁg+ 3. Z . Z U(La(f,]/ia'lL'a'a,J'ﬁ'a')cz,a,ac;,ﬁ,g,Cjﬁgrciw (1.4)
jl,ap,o iajpoi'a’j'p'o’

with the hopping amplitude tjlﬁ of an electron between two orbitals (j,a,0) and (/, 8,0), and
the Coulomb matrix element U(iao,jfo’|i'a’o,j' B'd’) for a two-body process of scattering of
a pair of electrons (i,a,0) and (j,,0’) into another pair (i’,a’,0) and (j/,f’,0’). This two-
body amplitude between different positions and orbitals are small compared to that for the
same orbital and the site, and thus one can neglect the inter-orbital or inter-site Coulomb
scattering amplitudes in a first approximation. This assumption leads to a more simplified

Hamiltonian,

H= 3 t?lﬁcj‘agclﬁa+ZUaCZa1CZwlcialciaT, (1.5a)

Jl,aB,o ia

af hz

ti =fdr¢aa(r—Rj)* [—%V2+V(r) Ppo(r—Ry), (1.5b)

2

* * e
Ua:ff(Pa(r) Pal(r’) |r_r,|¢a(r’)¢a(r). (1.5¢)

with the intra-orbital Coulomb repulsion U, for the orbital a.

We should note that, in some cases, the inter-orbital Coulomb scattering amplitudes that
we have dropped, may play crucial roles in multi-band electron systems. In fact, if there are
nearly degenerate orbitals on each site, the inter-orbital Coulomb matrix elements U, s and
Jap (a # P) given by

2
e f Pl Byt =t ), (1.6a)

|r

e2

Jap = f f ba(r) Gpr)* balrpp(r), (1.6b)

lr—r'|
may become comparable to the intra-orbital Coulomb repulsion U,. U, s and J,p are respec-
tively called inter-site Coulomb repulsion and Hund’s coupling between a- and f-orbitals.
In fact, the ferromagnetism of itinerant d-electron systems have moderate values of Hund’s
coupling, and the origin of the itinerant ferromagnetism is considered to be Hund’s coupling
[1, 2, 3, 4]. In this study, however, we are not going to study the physics of inter-band Coulomb
interactions. As we will discuss later, intra-orbital Coulomb repulsions itself give rise to rich
physics and we are going to study that aspects of Coulomb interaction for the first approxi-
mation.
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Figure 1-1: Real number representation of atomic orbitals in the three-dimensional space.
Sign of the wave function is depicted as red and blue regions.

The fermionic lattice model Eq. (1.5), namely the multi-orbital Hubbard model, is the
minimal model to study the interacting electrons in a multi-orbital system. There, the in-
dividuality of the solid enters in the hopping matrix t‘;lﬁ and the strength U, of electron-
electron repulsion for each orbital. The hopping process drives electrons delocalized so that
the kinetic energy may be minimized, while the interaction prevents electrons from moving
freely and renders the system insulating. Thus there exists a competition between metallic
and insulating nature in the model. In general, the strength of electron-electron repulsion
becomes larger with the angular momentum of the orbital as in Fig. 1-1, and therefore the
electron repulsion plays an important role when the material contains heavy atoms with d
or f orbitals.

The Hamiltonian Eq. (1.5), although a minimal model for interacting fermionic systems,
contains rich physics due to the multi-orbital degrees of freedom and the presence of many-
body interactions.

One important physics is the metal-insulator phase transition driven by the electron cor-
relation [5]. Consider an electronic system described by the single-band Hubbard model,

%:ZtijcjgcjaﬂLZUnimu. (1.7)
124 A

If one puts an electron on a site where another electron is already occupied, the electron feels
the Coulomb repulsion energy U. Therefore, when every site is occupied by one electron,
there exists a finite excitation energy U for an electron added to an occupied site. If the re-
pulsion U is so large that the kinetic energy cannot compensate the penalty, electrons prefer
to stay at their sites and the system shows insulating feature. Such correlation-induced insu-
lators are called Mott insulators, which was first theoretically investigated by Mott [6]. Mott
insulators show significant differences from conventional band insulators when additional
carriers are doped in the system. In fact, doping carriers into Mott insulators gives rise to
amazingly rich physics, such as antiferromagnetism and superconductivity [7].

Especially in copper-oxide based materials, there exists an unconventional superconduct-
ing phase close to the antiferromagnetic insulating phase. As we shall go into detail in Chap-
ter 4, cuprates are composed of CuOg layers and its minimal lattice model are the so-called
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dp-model [8], a three-band Hubbard model which contains d- and p-orbitals on copper and
oxygen atoms, respectively. In undoped cuprates, d,2_,2-orbitals on copper sites are half-
filled, while p-orbitals on oxygen sites are fully occupied. Due to the strong electron-electron
repulsion U on copper sites, undoped cuprates are Mott insulators. At sufficiently low tem-
peratures, electron spins on copper sites exhibit antiferromagnetic order, due to the super-
exchange interaction.

There are long debates on the theoretical treatments for the dp-model. Immediately after
the proposal of the dp-model by Emery [8], Zhang and Rice [9] showed that the dp-model can
be mapped to the so-called #-J model [10], equivalent to the large-U limit of the single-band
Hubbard model Eq. (1.7). The important observation by Zhang and Rice is that a doped hole
situated on an oxygen atom forms a spin-singlet with another hole on the neighboring copper
site (Zhang-Rice singlet, ZRS). ZRS is energetically very stable and thus doped holes on a
CuOg plane is effectively expressed as ZRSs moving in the antiferromagnetic background, as
the ¢-J model describes.

However, it is also pointed out that the single-band Hubbard model lacks some important
physics. For example, in magnetic fields, the ZRS is no longer robust, and thus the single-
band Hubbard model and the dp-model do not give consistent results even in the large-U
limit [11]. The multi-band nature of cuprates become even more important when we discuss
the difference between electron and hole doping [12]. It is experimentally known [13, 14, 15]
that doped holes are situated in oxygen atoms and form ZRS [9], while doped electrons go to
copper sites and form doublons. This is because the difference of energy level between d- and
p-orbitals are small compared to the Coulomb interaction U and cuprates are categorized
as the so-called charge-transifer insulators, as pointed out by Zaanen, Sawatzly and Allen
[16]. Therefore cuprates should be basically treated by the dp-model in order to treat the
hole- and electron-doping on a equal footing. In fact, the multi-band nature of cuprates are
recently investigated in the context of d-wave superconductivity [17], and are expected to be
even more important for photo-carrier doping which induces electrons and holes at the same
time, as we will discuss later.

Another important physics of multi-band systems appears even in the absence of the elec-
tron correlation. Suppose that the electrons are weakly correlated and set U, = 0 for every
orbital involved. In that case the system is described by the noninteracting Hamiltonian in
Eq. (1.5) and its eigenstates are obtained as |u o) which are labeled by the Bloch wave num-
ber k and the band index a. Regarding the eigenstates as a mapping from the momentum
k in the Brillouin zone onto |up,) in the Hilbert space, one can construct a gauge-invariant
quantity, Bra = —iVE x {Upka|VRIUR.), for each band a. This represents a curvature in the
k-space, and its k-integral over the whole Brillouin zone gives an integer that signifies a
topological number of the band a, which was clearly pointed out by Thouless, et al. [18].
Namely, band structures with nontrivial topological numbers are first investigated in integer
quantum Hall states in strong magnetic fields by Thouless et al. After that, Haldane con-
structed an artificial toy model that exhibits topological phases even in the absence of the
magnetic fields [19]. Recently, Fu, Kane and Mele pointed out that Haldane’s model can be
realized in spin-orbit coupled systems [20, 21, 22] and found a new class of materials called
topological insulators [23]. All the topologically nontrivial systems have orbital degrees of
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Figure 1-2: Schematic description of pump-probe experiments.

freedom (Landau levels in integer quantum Hall states, and band indices in topological insu-
lators) and thus it is necessary to consider multi-orbital models to study topological aspects
of solids. We will present the detailed explanation of the topological phases in noninteracting
systems in Chapter 5.

1.2 Electrons in multi-band systems driven out of equilibrium

1.2.1 Experiments

In the previous section we have introduced the physics of multi-band electron systems where
orbital degrees of freedom play crucial roles. There, the system shows rich phase diagrams
containing metal-insulator phase transitions or topological phase transitions by varying some
parameters such as the density of electrons, disorders, electron hopping and interaction. Re-
cently experimental techniques have been developed for generating lasers with various pho-
ton energies and measuring systems in an ultrafast time-scale. Such developments have
enabled us to realize optical manipulations of electronic states of systems and to study the
possibility of phase transitions by means of external fields.

One of the most powerful experimental techniques is the pump-probe measurements. In
Fig. 1-2, we depict a schematic picture of the pump-probe measurements. In these experi-
ments, a pump-light with mid-infrared to visible light (corresponding to the photon energy
10 meV ~ 10 eV, with typical pulse width ~100 fs) is applied to the sample. After the pump
light, a subsequent probe light is applied to the sample to observe the reflectance spectrum
that contains information of the pumped states. The time interval between the pump-light
and pulse-light are arbitrarily chosen, so that the transient spectra of the system are traced
as a function of time after the pumping.
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Figure 1-3: Time-resolved ARPES for surface Dirac electrons in a topological insulator BigSes
[28], reprinted with kind permission from AAAS. A probe light with photon energy 180 meV
and pulse width 250 fs is applied to the sample, together with some probe lights after the
time delay At. At <0 [At > 0] indicates the probe light is ahead of [behind] the pump light.

There are a number of interesting reports with the pump-probe measurements in real ma-
terials. Okamoto, et al. [24] studied photo-excited states of undoped cuprates and observed
photo-induced carriers in Mott-insulating state. Fausti, et al. [25] reported a photo-induced
superconductivity in stripe-ordered cuprates (A detailed explanation is presented in Chapter
4).

Another important observable in pump-probe measurements is the momentum and en-
ergy of electrons themselves in the sample. By combining the angle-resolved photoemission
spectroscopy (ARPES) with pump-probe measurement techniques, one can directly detect
the photo-excited electrons in a time-resolved fashion [26, 27, 28]. In Fig. 1-3 we show an
example in transient momentum-resolved spectra on the surface of a topological insulator
BiySes by Wang, et al. [28]. At is the time of the arrival of the probe light at the sample,
where the arrival of the pump light is set to be At = 0. BigSes is gapped (~ 300 meV) in the
bulk, while there is a surface mode that has a massless Dirac dispersion, protected by the
topological aspect of the material. Wang, et al. applied the pump light with pulse width 250
fs (full width at the half-maximum) and photon energy 2 =180 meV, smaller than the bulk
gap, so that the pump field interacts only with surface electrons. In the center panel (Af =0)
of Fig. 1-3, one can see some copies of the original Dirac dispersions, with the energy interval
Q. The appearance of side-bands under the influence of ac-fields are theoretically predicted,
and such side-band states are called Floquet states, the steady states of ac-driven electronic
systems, oscillating periodically in time. The features of the spectral functions in Fig. 1-3
indeed coincides with the analysis with the Floquet theory [29, 301, and thus Wang, et al.
concluded that the Floquet states do exist in their surface Dirac electron system driven by
ac-fields.




1. Introduction 15

1.2.2 Theoretical approach: steady states in ac-fields

These interesting experimental attempts at optical manipulation of electronic states have
motivated theorists to study the dynamics of electrons in solids under the influence of exter-
nal fields [31, 32]. In particular, we would like to address a question of what is happening
to electrons in a solid during the application of the pump light. As we have stated, the pulse
width applied to the system is typically ~100 fs. In that time-interval, the pulse with pho-
ton energy hQQ is equivalent to an ac-electric fields with frequency Q continuously applied to
the system. The 100 fs time-interval is greater than typical time scale of electron-electron
scattering ~10 fs [33]. This indicates that electrons approach to some nonequilibrium steady
states during the period of the pump-fields.

As we have stated above and shall discuss in Chapter 3, it is known that periodically
driven quantum systems have Floquet states, time-dependent steady state solutions of the
Schrodinger equation. Although the ac-driven systems no longer have time-independent
eigenstates in general, instead, one can take these Floquet states as basis states for the time-
dependent Schrodinger equation and can interpret any steady states in terms of the Floquet
states, as we usually describe electronic states in spatially periodic systems (solids) in terms
of Bloch states. Moreover, using Floquet states as basis states, one can greatly reduce the
computational costs in the study of steady states in ac-fields.

There are several works on Floquet study for periodical driven systems. Oka and Aoki
[29] studied an electronic system on honeycomb lattice in circularly polarized ac-fields. They
showed that the circularly polarized light induces a topological gap in the honeycomb lattice
and gives rise to a photo-induced Hall effect. Subsequently, Kigatawa, et al. [34] showed,
using perturbation theory combined with the Floquet theorem, that the photo-induced Hall
state is equivalent to a topological state realized in the Haldane model [19] known as a
prototypical model for topological insulators. Tsuji, et al. [35] developed a Green’s function
method combined with Floquet theory which is applicable to interacting system under the
influence of ac-electric fields.

These developments in both experiments and theories in nonequilibrium states in ac-
electric fields have motivated us to study ac-driven correlated electron systems with orbital
degrees of freedom. As we have explained with a case of cuprates, in real materials orbital
degrees of freedom cannot be neglected in general, and they become even more important un-
der the influence of external fields, where high energy excitations are induced. Furthermore,
multi-orbital systems in ac-electric fields can obtain topological properties, as proposed for
noninteracting case by Oka and Aoki [36], and it is interesting to investigate whether the
topological properties are affected, or even enhanced in the presence of electron correlation.

Electron correlation and orbital degrees of freedom in ac-electric fields have not been
studied so far and our study consists of twofold steps. Firstly, we establish such numerical
methods that can simulate multi-orbital correlate electron systems in ac-fields on a equal
footing. Then we apply our numerical methods to some multi-orbital systems where experi-
mental and theoretical interesting physics are expected. The results obtained in this thesis
are listed as follows.

¢ Extension of Floquet-DMFT method to multi-band correlated electron sys-
tems (Chapter 3) — In order to study periodically driven many-body systems, we
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should take into account the electron correlation and external fields in a non-perturbative
manner. Tsuji, et al. [35] have proposed a novel Green’s function technique that in-
corporates the electron correlation with the dynamical mean-field theory (DMFT) and
external fields by the Floquet Green’s functions. We have here extended the Floquet-
DMFT technique to multi-band systems for the first time. One of the essential differ-
ences between the single-band and multi-band systems is the appearance of a photo-
induced Berry phase under the influence of external fields, as Oka, et al. [29] have
shown in the noninteracting case. To extend their argument to many-body systems,
we shall clarify the connection between the photo-induced Berry phase and the dc-Hall
conductivity in terms of Floquet Green’s functions in the chapter.

¢ Application I: the dp-model in circularly polarized ac-fields (Chapter 4) — In
order to investigate the properties of photo-induced cuprates [24, 25], we study the
dp-model, a three-band Hubbard model for CuOg plane in cuprates [8], under the in-
fluence of ac-electric fields. Based on Floquet-DMFT, we study the steady states in
the dp-model in circularly polarized ac-fields. Investigating the nonequilibrium elec-
tronic states and their transport properties, we shall find that a population inversion
[35] takes place for large photon energy, which is accompanied by a negative optical
conductivity.

¢ Application II: the Hubbard model on honeycomb lattice in circularly polar-
ized ac-fields (Chapter 5) — As a paradigm of the interplay of photo-induced topology
and electron correlation, we study the Hubbard model on honeycomb lattice in circu-
larly polarized ac-fields. The honeycomb lattice in circularly polarized fields is one of
the minimal model that exhibits photo-induced topological phase transitions, and stud-
ied in noninteracting and weak-field regime [29]. In this study, we investigate strongly
correlated regime and intense-field regime. We shall find a novel photo-induced metal-
to-insulator phase transition and topological-to-topological phase transitions for the
first time in the overlooked regime. Further, we develop an analytic construction tech-
nique for obtaining an effective Hamiltonian, in order to provide insights into our find-
ings by constructing an effective Hamiltonian.

1.3 Organization of the thesis

With the above background, we shall present the fundamentals of nonequilibrium many-body
physics, developments of new theoretical tools, and its application to the multi-band systems.
The organization of this thesis is the following (Fig. 1-4).

In Chapter 2, we review the basics of Green’s function theory for nonequilibrium many-
body systems. Especially we shall take account of dissipation, by attaching an exactly solv-
able heat-bath to the system. We also introduce DMFT, which is a powerful framework to
investigate strongly correlated systems even out of equilibrium.

In Chapter 3, we introduce the Floquet-DMFT method in multi-band electron systems.
We also formulate the nonequilibrium Kubo formula for optical conductivity and discuss the
connection between the photo-induced Berry curvature and the Hall conductivity in ac-driven
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Figure 1-4: A flow diagram of the thesis.

systems.
Having fully formulated the Floquet-DMFT technique, we apply our method to the dp-

model in Chapter 4, and the honeycomb-Hubbard model in Chapter 5. In both chapters, the
motivation and the formalism specific for each system are stated in detail.






Chapter 2

Methods for non-equilibrium
many-body problems

In this chapter, we review the nonequilibrium Green’ function theory, and set a foundation of
the theoretical method to study quantum many-body nonequilibrium steady states. For that
purpose we focus on the Keldysh-Green’s function formalism for the steady states of quantum
systems attached to dissipative environments. We also introduce the dynamical mean-field
theory (DMFT) so that the strong electron correlation can be incorporated.

2.1 Green’s functions in Keldysh formalism

Methods of Green’s functions have been developed as a powerful tool for treating interactions
in a perturbative way. A point of these methods is that many-body interactions, which can-
not be treated exactly in general, can be systematically treated as an expansion in terms of
noninteracting Green’s functions that is explicitly obtained from the knowledge of noninter-
acting Hamiltonian. The fact that any observables in interacting systems can be expanded
in terms of noninteracting Green’s functions is based on Wick’s theorem [37]. Wick’s theorem
turns out to hold in ground states, at finite temperatures [38, 39], and even in nonequilib-
rium [40, 41]. The series expansion can be expressed as Feynman diagrams [42, 40], which
enables us to treat the perturbation in a handy manner.

The methods of the Green’s functions for nonequilibrium are introduced by Keldysh [43]
and by Kadanoff and Baym [44]. One important difference from that for equilibrium lies in
the treatment of interactions in the initial state. In equilibrium formalism, the interaction
is assumed to be absent in the infinite past (Gell-Mann and Low theorem [45]), so that the
statistical averages in interacting situations can be replaced by a noninteracting one in a
mathematical manner. In nonequilibrium, however, the assumption of adiabatic switching
explicitly breaks down and we need a Green’s function formalism free from the assumption
of adiabatic switching-on.

Now we start with formulating the Green’s function method for general nonequilibrium
situations, based on Refs. [46, 47, 48]. Throughout this section, we consider the time evolu-

19
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tion of a quantum system with the general Hamiltonian,
JO(t) = #o(t) + A1 (8), (2.1)

where A (t) is an unperturbed one-body term and #(¢) is a perturbation term. We assume
that the initial state is given by a density matrix p(¢g).

Once the Hamiltonian #£(¢) is given, the time evolution of the quantum system is given
by the Schrédinger equation for the density matrix p(t),

0
ia—tp(t) =[p(®), #£(?)], (2.2)

where [A,B] = AB —BA is the commutator of two operators A and B. Therefore, the expecta-
tion value of any observable O at time ¢ is, in principle, obtained by tr p(t)O with the solution
p(t) of the deterministic equation Eq. (2.2). Of course the Schrédinger equation cannot be
solved in general and we need a suitable technique according to each problem we face.

2.1.1 Interaction picture on L-shaped contour

In order to develop the perturbation theory with respect to #(¢), we introduce the interac-
tion picture. The time-evolution of the system is described by the unitary operator %(t,t)
defined by % (¢,t0)|W(¢g)) = |'¥(¢)). Combining it with the Schrédinger equation, we obtain the
equation of motion,

i%%(t,to) =F0(t)U(t, to). (2.3)

The solution of Eq. (2.3) is formally given by

t
Texp(—i Jf(f)df) t>to,

to

YU(t,tg) = (2.4)

Texp (—i :Jf(f)df) t<to,
0
where T [T] is the time [anti-time] ordering operator.

Let us consider the time evolution of the expectation value of any observable O. In the
Schrodinger picture, the expectation value of O at time ¢ is given by tr p(t)O where the density
matrix itself evolves as

p(t) = (t,to)p(to)% (to,t).

In the Heisenberg picture, on the other hand, operator O evolves with time. The Heisenberg
representation OH(t) is defined by

Ou(t) = U(ty,)O% ¢, to),

with the initial time ¢( as the reference point!. The expectation value is now written as
tr p(to)OH(t). In the Heisenberg picture, the state remains unchanged, while the observable
OH(t) evolves with the full Hamiltonian #(¢). In order to treat #(¢) as a perturbation term,

IHeisenberg picture and interaction picture coincide with each other at ¢ = ¢.
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we move on to another picture, the interaction picture, where the time-evolution unitary
operator % is replaced with %, given by

t
Texp(—i Jfo(f)df) for t > to,

Uo(t,t0) =14 1) (2.5)
Texp (—i Jfo(f)df) for ¢t < tg.
to
We consider the time evolution of O with the unperturbed unitary operator,
On() = (0, DO (t, to)- (2.6)

Then we obtain an equivalent expression for the expectation value,
tr p(to) 2 (t,t0) %o (t, o) O1(t) Uo(to, YU ¢, to) = tr p(to)F (to, YOS (¢, to).

We have defined a time evolution operator in the interaction picture, #(¢,t¢), with the fol-
lowing properties:

F(t,to) =%Uo(to,t)%(t,t0), 2.7

0
i&y(t,to) = A1) F (L, to), (2.8)

t
Texp (—i qu(f)df) for t > ty,

to

P(t,ty) = (2.9)

t
Texp (—i qu(f)df) for t < tg,
to
where #11(t) is the perturbative Hamiltonian #7(¢) in the interaction picture, defined in
the same way as in Eq. (2.6). #(t,t¢) explicitly depends only on the perturbation Hamilto-
nian 1, and is therefore suitable for the perturbation expansion with respect to #1. The
expectation value of an operator O is now expressed as
tre” P02 (20, )01(2)F (¢, t0)

) i . 2.1
(Ou)o tre=P70) P (¢o,8)F(¢,t0) o

Here we examine the order of the time variables in Eq. (2.10). From the definition of % in
Eq. (2.9), operators in #(¢,tg) [#(tg,t)] are arranged in the time [anti-time] order from right

—BA(to)

to left. Further, the initial density matrix, e , can be rewritten as

e PH (o) = exp(—i[ drifu(r)),
C3
where we have extended the domain of the time variable to the complex plane and Cj is a

straight contour directed from ¢y to —if+t9. We set #A1(r) = #1(tg) for T € C3. The time
variables in Eq. (2.10) are now ordered along the contour with three-branches in Fig. 2-1(a).
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Figure 2-1: (a) L-shape contour C = C;UCoUC3. tyax should be taken large enough to contain
the time interval in which one would like to simulate. (b) Keldysh contour C = C1 U Cs.

Therefore the expression Eq. (2.10) is formally rewritten as

<Tcexp(—i f qu(f)df)(),(t)>
(o} 0

<TC exp (—if Jfll(f)df)>
C 0

where we have introduced the L-shaped contour C defined in the Fig. 2-1(a), and T¢ is the

(Ou)o =

time-ordering operator along the contour C. The average (---)¢ is defined as tr[--- po(¢p)]
where po(t) = e P70® ig the noninteracting density matrix in equilibrium. In the same way,
a two-body operator (such as correlation operators) is expressed as

<Tcexp(—i f qu(f)dz)A,(t)B,(t')>
C

<TC exp (—i ‘/;' an(f)df) >0

0

(Te Ap(®)Bu(t'))o =

2.1.2 Keldysh contour

So far, we have developed the general formalism for time dependent quantum systems with
a general Hamiltonian Eq. (2.1). Here, let us additionally assume that the interaction is
adiabatically switched on at the infinite past. Due to this assumption, we can let the initial
time be infinite past tg — —oo, and the interaction vertex between C3 branch and C; (i =1,2)
vanishes. As a result, the L-shaped contour is reduced to a two-branch contour (Keldish
contour) depicted in Fig. 2-1(b). The Green’s function method on this reduced two-branch
contour, usually called the Keldysh formalism, is first formulated by Keldysh [43].

Let us discuss the relation between the assumption and the situations where the Keldysh
formalism is applicable. The assumption of the adiabatic interaction switching-on is usually
justified when the dissipation time scale 7giss is much shorter than the time interval between
the initial time ¢y and the time ¢, at which we observe the system. This is because the
information on the initial state should be wiped out in the time scale of our interest when
Tdiss < tobs — to holds.
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Since we should assume the adiabatic switching condition, the Keldysh formalism is lim-
ited to some classes of nonequilirium many-body problems. The Keldysh formalism has been
widely applied to dissipative systems, such as open systems attached to leads or thermal
heat-baths [49, 35].

As we stressed in the introduction, in this thesis we study steady states of many-body
systems in external electric fields. For that purpose, we always introduce heat-baths (Sec.
2.1.5), which mimics the dissipation mechanism such as phonons, effects of substrates, and
so on. Therefore, the Keldysh formalism should be satisfactory for the purpose of our study.

2.1.3 Green’s functions and self-energy

Hereafter, we formulate the Keldysh-Green’s function formalism on the Keldysh contour in
Fig. 2-1. In diagrammatic perturbation expansions, Green’s functions play an important role.
The Green’s function on the Keldysh contour is defined as

<TC exp(—i | qu(f)di) éal(t)égl(t/)>
C

<Tc exp (—if «7511(f)df)>
C 0

where ¢,(¢) is the fermionic operator, @ and § label internal degrees of freedom (e.g. mo-

iGap(t,t) = (Tc éau(t)E ()0 = 2 (2.11)

mentum, spin and band indices) and ¢ and ¢’ belong to the Keldysh contour C. The above
expression can be expanded in powers of #1(t), and each term corresponds to Feynman
diagrams, as discussed in equilibrium cases [39] and nonequilibrium cases [40, 46, 48]:

iGwﬁ(t,t'):<TCexp(—i f Jé’u(f)df)éal(t)égl(t’)> , (2.12)
C

0,conn

where (A(¢)B(¢'))0,conn represents all the topologically distinct Feynman diagrams connected
to the vertices of A(t) and B(¢'). The self-energy is introduced in the same way as in the
equilibrium Green’s function theory, and the self-energy satisfies the Dyson’s equation,

PRI FdE NS (. F 7
Gaﬁ(t,t')—Gaﬁ(t,t’)+% f fc did? GOt D5, F)Gop(, 1), (2.13)

2.1.4 Properties of time-dependent Green’s functions

We have defined Green’s functions on the Keldysh contour in Eq. (2.11). The contour C
is divided into two branches C; and Cs9 as in Fig. 2-1. Then the Green’s function on C is
decomposed into 2 x 2 elements,

G;jﬁ(t,t’):Gaﬁ(t,t,) for teC;, t'eC,. (2.14)
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It is easily confirmed that each component of Green’s functions satisfies?

G, th=G6G2wt), t<t, (2.15a)
GMt,t) =G w,t), t>t, (2.15Db)
G®t,t)=G*w,t), t<t, (2.15¢)
G2t,t)=GY%@,t), t=t. (2.15d)

Due to Eqs.(2.15), the 2 x 2 Green’s function has a redundancy,
G (t,t)+G*(t,t) = G2(¢t,t) + Gt 1), t#l. (2.16)
We can then reduce the 2 x 2 Green’s function, using Eq. (2.16), into a tridiagonal form,

i Gll(t’t/) G12(t’t/)

+
=LT3 (G21(t’ t/) G22(t, t/)) 5 (2.17)

GE@,t) GE@,t)
0 GA(t,t)

where we have introduced a rotating matrix L and a Pauli matrix 73,

11 -1
S22l 1

) T3=(1 _1). (2.18)

This procedure is called the Keldysh rotation after the pioneering work done by Keldysh [43].
The matrix elements of the tridiagonal matrix are called retarded Green’s function GE(¢,t"),
advanced Green’s function GA(¢,¢') and the Keldysh Green’s function GX(¢,#'). Their explicit
forms are

GR@t,t') = -0t —1) <{c(t),cT(t’)}>, (2.19a)
GAW, 1) =i0(t — 1) <{c(t),cT(t’)}> , (2.19Db)
GEt,t) = =i ([e®, @), (2.19¢)

where {A,B} = AB + BA is the anticommutator. It is also useful to define the lesser [greater]
Green’s functions G<(¢,t)[G<(¢, )],

G<(t,¢") = —i <cT(t’)c(t)> - %[GK(t,t’) —GR@,t)+GAG ), (2.20a)

G>(t,t") = —i <c(t)cT(t’)> - %[GK(t,t’) +GR(t, Y- GAG . (2.20b)

2If the system has a particle-hole symmetry, Green’s functions satisfy more strict constraints, which may
reduce computation (see Appendix A).
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One can apply the Keldysh rotation to Dyson’s equation Eq. (2.13) to obtain a reduced form,

R K R K
(G G )(t,t/) _ ((i)o Go )(t,t')

© __(GE GE\ _ (zR K\ _ (GR GK\
+/f_oodtdt(0 i D sa| D Gl (2.21)

Here, we have introduced the retarded and advanced component of the self-energy,

R(p 4/ Ky 4/ 114 4/ 1204 4/
R B el S
For convenience, we can also define the lesser and greater components,
(¢, t) = %[zK t,t) - =R, t)+ 24, 1)), (2.23a)
27(t,t) = %[ZK(t, t)+ 2R, t) -2, ). (2.23b)

The important point in the Keldysh rotation is that the elements GE(¢,¢), GA(¢,t'), and
GX(¢,t') are directly connected to the electronic structure of the system. In equilibrium, we
can define the spectral function A(w), and the density of occupied states N(w) at energy w as

A(w) = —lImGR(w), N(w) = iImG<(w). (2.24)
T 21

Also, due to the Kubo-Martin-Schwinger condition [50, 51] for the lesser and greater Green’s
function,

G”(w) = —e"TG(w), (2.25)
we have the fluctuation-dissipation relation,

(e 9]

GE(t,t) = f [GR(t, DF(,t)-F(@t,DGAE, )| dt, (2.26)
—0o0
with the distribution kernel F(¢,¢'),
® dw ,
F(t,t)= f_oo 2—: et tanh (%) (in equilibrium). (2.27)

In equilibrium, the Fourier transform of the kernel F(w) is related to the distribution function
f(w) as

1
f(w)= é[l—F(w)] = (2.28)

In nonequilibrium, the distribution kernel F(¢,t') is rather defined by Eq. (2.26) and is re-
garded as a nonequilibrium analog of the distribution function[48].

In nonequilibrium, the Green’s function G(¢,t’) depends not only on the time interval
between observations ¢, =t —t', but also on the starting time ¢ or the average of the mea-
surement time ¢,y = (£+¢')/2. Thus there is a slight ambiguity on the definition of the spectral
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I
system
) %CI bip
heat-bath
byt

Figure 2-2: Schematic picture of the heat-bath model. Open circles represent sites in the
system, whereas the shaded rectangles represent the fermionic heat-bath. The hybridization
between the system and the heat-bath is expressed as VPCZbi p» Whereas the heat-bath itself

is represented as eﬁ’,b;fpbi p in the figure. Details are explained in the text.

functions in nonequilibrium. In this thesis we employ ¢,y for the time-evolution of the spec-
tral functions. Namely, the time-dependent spectral function A(¢,y,w) and occupation density
N(tay,w) are defined as

1 1
A(tav,w) = _;ImGR(tav:w), N(tav,w) = gImG<(tav,w), (2~29)

where GE(tay,w) and G=<(¢,y,w) are the Fourier transformations of GE(¢,#') and G<(¢,¢) for

trel =t —t', respectively.

2.1.5 Fermionic heat-bath model for dissipative systems

Electrons in real materials are always subject to dissipative environments, such as phonons,
substrates, and so on. When the system is excited by applied external fields, the system fi-
nally reaches some steady state after some interaction to the dissipative environments. One
way to treat such dissipations is to introduce a microscopic model for the dissipative environ-
ments, and relate the parameters of the microscopic model to some macroscopic parameters,
such as a damping rate or a life-time of particles in the system.

As an example of such strategy, here we recall a pioneering work by Caldeira and Leggett
[562, 53], who studied a quantum system subject to dissipative environments. They introduced
an exactly solvable model for the dissipative environment, and derived a damping rate for
the system as a phenomenological parameter. Following the strategy, we also introduce some
exactly solvable model for dissipative environments, and derive some simple expression that
serves as dissipative processes for the system.

For that purpose, it is useful to introduce a fermionic heat-bath model, described by a
Hamiltonian,
cyéotot(t) ==7£(t)+=}€mix+%bath, (2.30a)

where the Hamiltonian /4,4, of the heat-bath and the hybridization #,;x between the sys-
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tem and the bath are given respectively by

Hath = Y €pb] bip, (2.30b)
ip

Hmix = Z (Vip C:bip +h.C.) ) (2.30¢)
ip

where c; is the fermionic operator at site i in the system, b;, is the fermionic operator for the
mode p of the bath coupled to the site i. eﬁ’, is the energy of the mode p of the heat-bath, and
Vip is the strength of the hybridization between the system and the heat-bath. The heat-bath
model is schematically shown in Fig. 2-2, which is first introduced by Biittiker [54] and later
applied to determine the steady states of the strongly correlated systems [35]. Following the
discussion in Ref. [35], we show below that the heat-bath sector is exactly solved and merged
into the self-energy for the system.

Since the heat-bath term is quadratic, we can explicitly perform integration of the heat-
bath degrees of freedom. To see this, let us write the system in terms of its action,

Stot[b,bT,C,CT] = Ssys[CaCT]

(2.31)

+ fc dt %[bjp(t)(—iat +e0)bip(1)+Vipe (Db + Vi, b] (B)ei(1)],

where Sy is the action from the Hamiltonian of the system?® and b,b",c and ¢' are Grass-
mannian variables corresponding to the fermionic field operators for the bath and the system
in the Hamiltonian Eqs.(2.30). The above action is related to the total partition function as

Zior = f 20b7,b,c,cle” S, (2.32)
where f @[bT,b,cT,c] represents the path integral for the variables b",b,c" and ¢. We intro-
duce the noninteracting bath Green’s function,

Gp(t,t) = ~i(Tcbip(Db], o, (2.33)
which satisfies an equation of motion,

(i0, - 5)Gh(t,t") = 5o (2, ). (2.34)

With this, the integration over b and b in Eq. (2.32) is explicitly performed. As a result, we
obtain the effective action for the system,

Setle,c'1= Sgysle, e+ f f dtdt’ Y el () Zgiss(t, t)ei(t), (2.35)
c i

3In this thesis, an action S of a field w(x) of a fermionic particle is written as S [u/T,t,I/] in order to emphasize
that S is a functional of w(x) and wT(x). Here, x contains time ¢, site indices i, and internal degrees of freedom
such as spins and orbitals.
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where X4is(2,t') is the self-energy correction from the bath,
Zaiss(t,t) = Y [V, PGh (2, 1), (2.36)
p
Now, we assume the heat-bath is large enough and stays in thermal equilibrium with a

temperature 7. In other words, we assume that the bath Green’s function is a function of
t —t' and satisfies the fluctuation-dissipation theorem Eqs.(2.26), (2.27),

[G21R () - (G514 () =[G (w)F (). (2.37)

The explicit form of the Green’s function is written as

1
Go(w)= ————. 2.38
p(@) w—€p+i0* (2.38)
Substituting above into Eq. (2.36) with the relation — =P — —ind(w), we obtain
w+107* )

3B (w)=-il, (2.392)
I=Y nlV,*6w—e5). (2.39b)

p

We have dropped the w-dependence, assuming that the density of states of the heat-bath is
constant. Now we obtain the explicit form of the dissipation self-energy as

R K - 9
(zdiss(w) ) (w))= ( iT 2sz(w)). (2.40)

diss
0 4 (w) 0 ir

diss

Hence we have shown that the fermionic heat-bath of the form Eq. (2.30) is incorporated in
the self-energy of the system.

2.2 Dynamical mean-field theory

In this section, we briefly introduce the dynamical mean-field theory (DMFT), a powerful tool
for studying strongly correlated systems with short-range interactions. As we stated in the
introduction, we consider the Hubbard model on multi-orbital systems, namely,

HO =YY Y JiajpOelyyipo + 2. 2 Ua®iarhial, (2.41)
ia jp O . @

where i and j label the unit cell, and a and § the atomic sites in each unit cell. ;q js(t)
is the hopping matrix between two sites specified by (i,a) and (j, 8). Uy(t) is the Hubbard
interaction on the atom a. We can also express Eq. (2.41) using a Fourier transform for ; and



2. Methods for non-equilibrium many-body problems 29

jas
W)=Y Hpapt)ch  crpo+ Y. Y Ua®hiaiRial, (2.42a)
k,ap,0 . a
Hyw,ap = > Jia,jﬁ(t)e_ik'(R"_Rf). (2.42b)
i—R;

DMFT was first derived by Metzner and Vollhardt [55] for the single-band Hubbard model
in equilibrium. Their key observation is that, if we make the spatial dimension d infinitely
large, the hopping parameters should scale as

tij= % (d — 00), t;‘j: constant (2.43)
so that the band width may not diverge nor vanish in the d — oo limit. Here tfj is a constant
representing the band width in the limit. As a result of this scaling, it can be shown that the
self-energy X;; ,(¢,¢'), which contains local (i = j) and non-local (i # j) correlations, should
satisfy

Zijolw)=Zii ;(w)dij, (2.44)

in the limit of infinite spatial dimension. In this subsection we briefly formulate the DMFT in
d — oo limit, based on Ref. [56], and show that the approximation of neglecting the nonlocal
correlation Eq. (2.44) leads to the self-consistency equations for the Green’s functions.

Here we briefly mention how DMFT works in realistic models. As we have stated, DMFT
mathematically gives an exact result in the limit of infinite dimensions d — co with the scal-
ing Eq. (2.43), and can be used as an approximation for systems in finite dimensions. As we
discuss below, DMFT can surprisingly describe metal-insulator transitions, one of the most
important phenomena in strongly correlated systems, without any bias. The Hamiltonian
Eq. (2.41) consists of two competing terms, the kinetic term that makes electrons delocal-
ized, and the interaction term that localizes electrons by imposing the Coulomb repulsion
with each other. Due to these opposite tendencies, correlated electron systems are roughly
divided into weakly correlated metals and strongly correlated insulators [5]. Whether the
two phases are described by the same Hamiltonian is therefore one important milestone for
numerical methods of strongly correlated electron systems. DMFT indeed describes metal-
insulator transitions even for the finite-dimensional systems [57].

The formalism for equilibrium Green’s functions can also be extended to the non-equilibrium
Green’s function method by considering the extended L-shaped or Keldysh contour [58, 35].
For a review on nonequilirium DMFT and its application, see Ref. [32].

2.2.1 Self-consistency equations

Here we briefly sketch the derivation of DMFT formalism. For a detailed review on DMFT,
see e.g. Ref. [56]. Let us consider the system with the Hamiltonian Eq. (2.41) in terms of its
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Figure 2-3: Schematics of DMFT self-consistency loop, here depicted for multi-band cases.
We take multi-band systems with N, atoms per unit cell. We have therefore Nj impurity
problems to be solved.

action S given by

Slc',cl= fc dt[zc (t)=i0; — pejo(t)+ Y. Iij(t)e] oDejoD+ LU OO (245

ijo

The action is related to the partition function Z as
Z-= f Dlct,cle~ 1Sl el, (2.46)

The underlying idea of DMFT is to apply the mean-field picture to correlated lattice problems.
In a mean-field picture, one focuses on a certain site and regards the other surrounding sites
as an effective medium. As a result, the lattice problem is reduced to a single site problem in
an effective medium.

Based on the mean-field picture, we focus on a site i, in our system. In order to obtain

T

the effective theory on the site i,, we integrate out the variables Ciy and c;, except for the



2. Methods for non-equilibrium many-body problems 31

site i,. Performing this integration one obtains the effective action for the single site i,:

Simp[cz ,cio]zf dt
° C

Yel (=10, - wei,o @) + Uy, 0,1 @, ()

+ff dtdt' Y ! (DA, t)ei o). (2.47)
C g °

Here, A(t,t') is a certain scalar function specified by the one-body terms that hybridize the
i,-site and surrounding sites. A,(¢,¢') is therefore called “the hybridization function”. In
addition to the hybridization term, there are additional four-point (c¢fc¢ce) terms or even
higher-order terms in the effective action for the i,-site. The key finding by Metzner and
Volhardt [55] is that these higher-order contributions vanish due to the scaling Eq. (2.43) of
the hopping parameters.

The effective action is nothing but the action of the single-impurity problem,

Simple! ,ci,1= ff dtdt'y ! (014, t,t))ei, () + f dtU; (Dn; ((DA;, (),  (2.48)
0 C o [ C

with an effective single-particle Green’s function ¥,(¢,t') = i0; + u— A, (¢,¢'). After solving the
single-impurity problem, we obtain the impurity Green’s function Gimp(¢,¢') and self-energy
Zimp(¢,¢') with a relation,

Gl (t,t) =9 (t,t") — Zimpo(t,t). (2.49)

imp,o

In addition, we should impose the self-consistency between the original lattice problem Eq.
(2.45) and the impurity problem Eq. (2.47). Since the two actions should be equivalent for

the i,-th site, local quantities such as G - should also coincide. Therefore we have the

Losloy

self-consistency condition,
Gi,i,o(t,t) = Gimpo(t,t),  Zi, i, 0(t,t) = Zimp o (£,1). (2.50)

In DMFT, we solve Eq. (2.47), Eq. (2.49) and Eq. (2.50) self-consistently. The schematic
picture of DMF'T is depicted in Fig. 2-3.

Here, we formulate the explicit DMFT self-consistency loop for multi-orbital Hubbard
model with the Hamiltonian Eq. (2.42) as

GRl(t,t) = Gop(t,t) — Zgi (8, 8) — 2(t, ), (2.51a)

Go(t,8) =) Gy (t,t), (2.51b)
k

4Nt t) =Gl 1)+ 2(t, 1), (2.51c)

;(t, t,) = ZDMFT[ﬁ](t, t/)- (251d)

In the last equation, one solves a single-impurity problem Eq. (2.48) and obtain the self-



32 2. Methods for non-equilibrium many-body problems

energy of the system. Here we have introduced a notation for triangular matrices of the
Keldysh Green’s function,

R ! K !
Q(t’t,)z(a t,t) G (t,t))_

0 GAt,t)

The noninteracting Green’s function G (¢,t') is written in an explicit form as

1y = (G G
QOk(t’t )= ( 0 (Ga,%)A (t,t)
|6t =t =07)[i10; — Hp(1)] 0 ,
= ( 0 5(t—t'+0+)[i10t—Hk(t)])(t’t) (2.52)

with an Ny x N matrix [Hg($)]ap = Hg,qp(¢) and the identity matrix 1. We have introduced
retarded, advanced and Keldysh components for an inverse G™! of the triangular matrix G

GR GK 1 (G—l)R (G—l)K
o G4 — | o (@HA)

One can easily verify
G HE=G®L, G HY =GMHT G HE=-6B)T65 -6,

from the relation G -G ™! = diag{1,1}.

2.2.2 Iterative perturbation theory (IPT) as an impurity solver

We have shown that lattice problems of correlated electrons are mapped to a single impurity
problem in equilibrium and nonequilibrium situations, by neglecting the nonlocal electron
correlations. There are a lot of techniques for solving the single impurity problem in ther-
mal equilibrium (or ground state), such as exact diagonalization, numerical renormalization
group, quantum Monte Carlo, etc. [56]. On the other hand, in time-dependent systems, the
computational time for solving the impurity problems can become quite large, since the size
of the Green’s function becomes much larger due to the real-time branch. The difficulty in
the computational time becomes even harder when we consider multi-band systems or long
time behavior of the system. Therefore, in this thesis, we apply some perturbation methods
for the single impurity problems which only require reasonable computational time.

Here, we use one of the most straightforward techniques, that is, weak coupling pertur-
bation. The single impurity problem is explicitly written as

s=Y f dtdt' ¢l -4, (t,t)]eq(t) + f dtUni(t)n (). (2.53)
o JC o]
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(a) (b) (c)

Figure 2-4: Feynman diagrams up to the second order. Solid lines and dashed lines represent
modified noninteracting Green’s function ¢ and interaction U, respectively.

Note that one can always introduce c-numbers a; | and rewrite the impurity problem as

S ZSo+Sl,

So=). f dtdt' ¢t G, ¢t,t) + (u-Uan)de(t,t)leo ), (2.54)
o JC

SlzfcdtU[nT(t)—al][nl(t)—oq]. (2.55)

That is, one can shift the chemical potential in the noninteracting Green’s function as
G l(t,t) =91, )+ Uaybc(t,b), (2.56)

and expand S; in terms of the modified Green’s function ¢. The free parameters @, can
be arbitrarily chosen and do not give any difference provided the perturbative expansion is
exactly performed. In a finite-order perturbation, however, the results may depend on the
choice of a. The idea of the modification of a-parameter is recently studied [59] for the study
of nonequilibrium dynamics of the Hubbard model away from half-filling.

Following the Feynman rule, the self-energy up to the second order (Fig. 2-4) is obtained
as

Zo(t, )5 = Ung(t) — ag — xS (6)5(t — 1)
+ UG, (1,159, (t,t) 595t 1)=, (2.57)

where the lesser [greater] components G< [G”] of the self-energy is defined in Eq. (2.20) and
)(gg(t) is defined as

<(¢ teC
)(a(t):{x"() €t (2.58)
15 (8) teCo,
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Figure 2-5: Equilibrium density of states of the two-dimensional Hubbard model at half-
filling for U increased from O to 12. T =0.1/.

where y,(t) is the contribution from the integral for the internal particle lines in Fig. 2-4(b),
Yo(t) = f dtUne() — as19;(t,1)95(t,t), teC. (2.59)
C

0 denotes the inversion of the spin index: 6 = —o. Derivation of this equation is summarized
in Appendix B. Note that the tadpole term (Hartree term) contains the a-parameter, which
comes from the modified interaction term S. Since the chemical potential is subtracted by
Ua,, the relation between the lattice Green’s functions and self-energy is then given by

Gpi(t,t)=08(t,t)|i0,~HY —(u-Uan)l| - Zo(t,t). (2.60)

We still have the freedom of choosing a so that the perturbation theory may give reason-
able results. One suitable way is to choose a in such a way that some series of diagrams are
automatically taken into the lowest perturbation term, the Hartree term. Therefore, in this
thesis we choose a so that it may coincide with the occupation number,

A5 =nNng. (2.61)

Due to this choice, the tadpole contribution vanishes and the self-energy up to the second-
order is given by

o8, t)S = UG, (¢, t)59:(t,t) 595, 1)<, (2.62)

At half-filling, it is known that the self-energy in the formula Eq. (2.62) gives reasonable re-
sults, not only in weakly correlated region but, surprisingly, also in the Mott insulator region
with strong correlation. The reason for this is that the expression Eq. (2.62) accidentally
gives the exact result in the U — oo limit of the impurity problem [60, 61].
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Figure 2-6: (a) Equilibrium density of states of the two-dimensional Hubbard model away
from half-filling, for U = 12J and T = 0.5J. Here the chemical potential u is increased from
6.0 (half-filling) to 12. The filling n is shown for each p. (b) Electron filling n against chemical
potential y for U = 12J and T'=0.1J.

In order to check the validity of the approximation, we have solved the two-dimensional
Hubbard model in equilibrium both at half-filling and away from half-filling. In Fig. 2-5 we
show the density of states of the Hubbard model for several values of U. As U is increased,
the Hubbard bands develop at w = +U/2, while the quasiparticle contribution around the
Fermi level w = 0 decreases. At U = 10 the quasiparticle disappears and a metal-insulator

transition occurs.

In Fig. 2-6(a) we show how the metal-insulator transition takes place when the chemical
potential is changed from u = U/2 (half-filling) at U = 12. Around u = 12 we observe the band-
filling-controlled metal-insulator transition. Electron filling against the chemical potential
is shown in Fig. 2-6(b). For U = 12, the filling is pinned at 0.5 for 0 < u—U/2 < 4 and
increases outside the region, indicating a filling controlled Mott transition near yu—U/2 = 4.
This behavior qualitatively agrees with previous studies on filling controlled Mott transitions
studied by several authors [60, 62, 63]. Kajueter and Kotliar [60, 62] studied p-dependences
of the spectral function and occupation number for the Hubbard model, with DMFT and a
modified version of IPT. Although critical values of u for the phase transition differ for each
paper since they use different impurity solvers, our calculation qualitatively agrees with
their results. In Chapter 4, we apply IPT with the condition Eq. (2.61) as the simplest
approximation for the dp-model, where the steady states in strongly correlated multi-band
systems are studied for the first time.
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2.3 Nonequilibrium Kubo formula

In this section, we develop the Kubo formula for optical conductivities in nonequilibrium. We
restrict our Hamiltonian to the class given by Eq. (2.42), for which we further specify the
time-dependence as

A=Y Hyk+ A®)e! , cpp + Hn, (2.63)

k,ap

where @ and § are band indices and A(f) is the vector potential that describes a spatially
uniform external electric field E(¢) = —0;A(¢). Here we have incorporated the external field
via Peierls substitution [64], substituting £ — & + A(¢) into the static Hamiltonian HO(k).
The electron charge —e is set to —1 hereafter.

Current operator and correlation functions

The current operator is defined as the derivative of # with respect to A(¢),

i) = - 0%
J Qo1 5A(2)
(0)
1 OH (R +A(t))c,r -
Qvol k,ap ok ak
1
=——— Y vapr®)c!, cpn. (2.64)
QVOI k’aﬁ

Here, (] is the volume of the system and v, £(¢) is the current matrix defined by

OH (ke +A(1))

ok (2.65)

vaﬁ,k(t) =

Taking the statistical average at time ¢, we obtain an expression,

i

Jy = 2 Vap k(G (8, 0).

QVol k,ap

Hereafter, we abbreviate the Ny, x N}, matrix (Gqp) as G. The current is then written as the
trace of the matrix product of G< and vy,

i

J@y = Q

tr ) v (0G5 (¢,1). (2.66)
vol k
Now we regard that the field A(¢) is divided in two parts,

A(t) = Apump(t) + Aprobe(t), (267)

where A ump(?) is the (strong) field that is steadily applied to the system, while Ap,g1e(2) is a
weak field that probes the nonequilibrium states. The optical conductivity is then defined by
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the derivative with respect to the probe field,

IR O)

j b
6Eprobe(t,)

g (t,t" = (2.68)

where Eprobe(t) = =0t Aprobe(t). We also define the current-current correlation function,

IR O)

6Ai)robe( t')

1@, t) = (2.69)

In the linear response we can choose the probe field as sinusoidally oscillating, A prepe(t) o
iwt

e '“*. Then, due to the relation E, ope(t) = iwAprope(t), the conductivity o; i(t,t") and the
correlation function y;;(¢, t') are related as

1
oij(t,t)= E}(;‘j(t, t). (2.70)

Substituting the current Eq. (2.66) into the expression for the correlation function Eq.
(2.69) we have

. ; . . 6G(¢,1)
i n_ U A < i k"
Yt t) = —QVOltr%’ 5(t—tHpu J(t)Gk(t,t)+vk(t)—6Aj(t,) , (2.71)
B 2 17(0)
wigy =22 ak(f; ;.A(”). (2.72)

The first term in Eq. (2.71) is called the diamagnetic part (y4ia), while the second term is
the paramagnetic part (ypm). The paramagnetic part contains “vertex corrections” in terms
of Green’s function expansion as shown below.

Vertex correction

To obtain the detailed expression for ypm, we need to calculate 6G,:(t, t)/6AJ(t"). We note the
Dyson equation,

[(Goii — D) * Gr|(t,t) = 62,1, (2.73a)
Goht,t) = bc(t,t)Ni10° — HO(k + A1), (2.73b)

where * denotes the convolution, (F x G)(t,t') = [, diF(¢,£)G(Z,¢') and 6¢(¢,¢) is the Kro-
necker delta on the contour C. From Eqs.(2.73) we have

5Gp(t,t o _[6G LGP 53,7 _
Mz—f dtdt'G(t,?) Ok - (.’ ) Gt t)
0AI(t) C O0AJ(t) SAI(t)
s N o _ 852(2,t") _
= | dtdt'Gr(t,b) |v.(t)oc(E, )6, ¢ 2| Gp(t,t). 2.74
[ ddeGun|vher0c@DscE )+ P | Gude. @14)

The first term in the angle brackets gives a bubble diagram for the susceptibility, while the
second term gives the vertex correction.
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In equilibrium, the vertex correction does not contribute to the susceptibility within
DMEFT [65, 66, 67]. Let us assume that our system is in equilibrium and has a spatial in-
version symmetry against £ — —k. Due to this assumption, the Green’s function Gp(t,t")
and the current matrix vg(¢) are even and odd functions of &, respectively. Thus the bubble
and the vertex correction terms in Eq. (2.74) are odd and even in total, respectively. If one
substitutes Eq. (2.74) into the susceptibility Eq. (2.71) and takes the summation over k, the
vertex correction therefore vanishes while the bubble term remains.

This argument breaks down in nonequilibrium, since the inversion symmetry explicitly
breaks down due to external fields. In fact, it is known that the vertex gives non-vanishing
contribution to the conductivity [35]. Although the vertex correction is present in general, we
ignore the vertex correction as a first approximation throughout this thesis. Since the vertex
correction comes from the higher-order contributions of the self-energy, this approximation
becomes exact in noninteracting cases, and should work at least in the weak coupling region,
as we shall see in study the honeycomb-Hubbard model in Chapter 5.

Nonequilibrium Kubo formula for optical conductivities

Within the approximation we have a simple expression,

0G(2,1)

_ T N, / < N PPV YA
A - G (t, o, ()G, 1) = G (¢, 1, ()G (¢, 1). (2.75)

Substituting the above expression to Eq. (2.71), we have

i

)= 58t~ %ug(t)G,:(t,t)

1

VO . . . A (2.76)
e % [0k OGE W (NGEE D + vl OG5 E, 0y, (G ().

Plugging Eq. (2.76) into Eq. (2.70), we finally obtain the expression for the optical conductiv-

ity as

. 1 1 .
oty ==6-t) tr ) u] (OGR(t,t)
w Qyol k
11 _ . _ _ 2.77)
=35 ltrz[v}z(t)Gf(t,t')vi(t')G;(t',t)+v;z(t)G,:(t,t')vi(t')G‘,:(t',t)].
) k

This is the formula for the optical conductivities in nonequilibrium for multi-band sys-
tems. We shall further obtain the formula, based on Eq. (2.77), for ac-driven systems in
terms of Floquet-Green’s functions in the next chapter.

In some cases, it is better to rewrite the volume as Q¢ = N.Q¢enn with the number of unit
cells N. and the volume of the unit cell Q.. N, coincides with the number of k-points. Qe
is a? for a two-dimensional square lattice or the dp-model with the length a of the unit cell,
and v/3a?/2 for the honeycomb lattice with distance a between the nearest neighbor sites.



Chapter 3

Floquet theory and its applications
to multi-band systems

In this chapter, we review the Floquet theory, a theoretical framework for periodically driven
quantum systems. As we show in Sec.3.1, the time-dependent systems with a periodic Hamil-
tonian, #(t+T) = #£(¢), has stationary solutions called “Floquet states”, the temporal analog
of Bloch states in spatially periodic systems. Choosing the set of Floquet states as a basis,
one can reduce the procedure of solving the time-dependent Schrédinger equation to an eigen-
value problem of Hermitian matrices with finite dimensions.

As we have discussed in the previous chapter, we are interested in steady states of cor-
related systems. We shall show, after Ref. [35], that the method of Floquet theory can be
applied to the Keldysh-Green’s function theory for dissipative systems. We shall apply the
Floquet theory and obtain the DMFT formula and Kubo formula, which have been derived
in the previous chapter, in terms of Floquet Green’s functions. This is the first application of
Floquet-DMFT method to multi-band systems.

In noninteracting systems in ac-fields, it is also known that the Floquet states can carry
non-trivial Chern density (Berry curvature) in the k-space. We shall also, for the first time,
clarify the relation between the photo-induced Berry curvature and the nonequilibrium Kubo
formula for the Hall conductivity.

3.1 Floquet theorem

We start with deriving the Floquet theorem in time-periodic systems, the temporal analog
of the Bloch theorem in lattice systems in equilibrium. Suppose that our Hamiltonian is
T-periodic in time. The time-dependent Shrodinger equation is written as

[A(t)—10:11y(2)) =0, (3.1)
where #(t) is the time-dependent Hamiltonian with a period T,

Ot +T)=F(t). (3.2)

39
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Next, we extend the Hilbert space by adding an extra time axis. In order to avoid confusion
with notation, let us regard a time-dependent state |y(¢)) as an image of a function ¥ : R 3
t — |w(t)) € Y, where 74 is the Hilbert space, and introduce the "extended" Hilbert space
Y4 = %1 © .Z to which v belongs. Then the operator #(¢)— id, is a linear operator acting on
%41. Now, let us introduce the time-translation operator 7T : Y1 — Y defined by

T (@) = ly(t+T)). (3.3)

g forms an Abelian group G :={1,9,9 2,---}. From the periodicity Eq. (3.2), 9 commutes
with A#(t) — id;. Therefore, the solutions 1, of Eq. (3.1) can be chosen so that each of them is
one-dimensional representation of the Abelian group G,

J&V/a =Cqyq =: e_ieaTWa: (3.4)
where we have defined the quasienergy €,, that characterizes the one-dimensional represen-
tation. Equation (3.4) assures that |u,(?)) := eieatlwa(t)) is T-periodic in time. Substituting
into Eq. (3.1), we obtain a set of equations,

Wa(t) = e ety (b)), (3.5a)
ug)=ust+1), (3.5b)
€qua(t) =[F) —i0:]uqy(t), (3.5¢)

or, taking the discrete Fourier transform for ¢, we obtain an eigenvalue problem,

Y (Fmn —nQmn)tian = €alia,m, (3.6)
n

where we have defined the Floquet representation of the Hamiltonian A and u, as

7 Tde i(m—n)Qt
%mn:%m—nzﬁ ?%(t)e , 3.7
T dt ,
Ugn = i uzx(t)emﬂt- (3.8)
o T

Now we obtained the Floquet theorem: all the solutions of the time-dependent Hamiltonian
have the form wy(t) in Eq. (3.5), and are obtained by solving the matrix eigenvalue problem
Eq. (3.6).

The quasienergy, the eigenvalue of Eq. (3.6), has a redundancy: if eg and {u?x’n} are a

solution for Eq. (3.6), then €2 + mQ and {ug’mm} (m € Z) are trivial solutions for Eq. (3.6).
Although they are apparently different, they are all physically equivalent in a sense that
they give the same Floquet state 1 ,(¢) in Eq. (3.5). In order to avoid these trivial solutions,

we impose a condition €, € [—Q/2,Q/2) for quasienergies.
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3.2 Floquet-Green’s functions and its relation to Floquet states

It is important to note the relation between the Floquet states and the retarded and advanced
Green’s functions in periodically driven systems. Recall the differential equation for GE(t,t')
and GA(¢,¢') in an explicit form:

lid; — H®IGRA@,t)=6(t—-t' F07), (3.9)

from which GEA(¢,¢') are uniquely determined. Since the kernel id; — #(¢) and the source
term 6(¢ —¢' F07) remain unchanged for a time translation (¢,¢') — (¢ + T,¢' + T), the retarded
and advanced Green’s functions should satisfy

GRAG+T,t' +T)=GRPA@,t). (3.10)

Note that the Keldysh component does not have the symmetry in general. Due to the trans-
lation symmetry in time axis, we can take the discrete Fourier transformation with respect
to tay = (¢ +1')/2 for the Green’s functions. In order to transform the time variables to ¢4y and
trel =t —t', we introduce a Wigner representation,

T dtay

T

G = oodt
n(w) f—oo rel o g tav 2

t t . .
G(tav+r—el toy — 2| pinQlay piwtra (3.11)

The Wigner representation has a physical meaning: G(tay,w) is the amplitude of the w-
oscillating mode at time ¢,,, which is T-periodic in t,y. In particular, G, —o(w) is the amplitude
of w-oscillating mode averaged over the period ¢,y € [0, T].

For convenience, we also introduce a Floquet representation, defined by

m+n

Gon(@) =G mon (w + Q). (3.12)

The advantage of the Floquet representation is that the convolution of the form A(¢,t') =

fB(t,f)C(f, t')dt is transformed as A,,,(0) = ZBmlCln. Using this property, we can trans-
l

form the differential equation Eq. (3.9) as

Y (@ +mD8m; — Hpt)GoA = 80 (3.13)
[

Recalling the eigenvalue problem for the Floquet states Eq. (3.5), we notice that mQ38,,;—H,;
is diagonalized by the Floquet states uy = {u 4 }. Therefore we can explicitly diagonalize the
retarded and advanced Green’s functions as

o am A 1
AIGEAR = di {—} , 3.14
B 0 —ea 107 [ gen 614

where A =(-+-,uq,,Uqy, ) is a unitary matrix.



42 3. Floquet theory and its applications to multi-band systems

3.3 Structure of spectral functions for Floquet states

Having related the retarded Green’s function and Floquet states, we present a typical struc-
ture of the Green’s function for periodically driven systems. Due to the redundancy of quasiener-
gies, the Green’s functions Gg’A(w) turn out to have characteristic structures in w-axis, with
spacing (.

In fact, the Floquet-Green’s functions in Eq. (3.13) are explicitly written down for one-
band systems [68] as

A A A
Gfl,nA(w)zz ml{Xln

— , (3.15)
7 w+1Q—Hyy+i0t

and thus the time-averaged Green’s function G_g (w), connected to the Floquet-Green’s func-
tion by Eq. (3.12), turns out to have poles w = Hypg—nQ (n = 0,£1,+2,---). The pres-
ence of poles of the retarded Green’s function implies some absorptions and emission pro-
cesses exist. In fact, the residues at w = Hopo +nQ (n = 1,2,---) correspond to a n-photon
absorption or emission process, and give rise to a ladder structure for the spectral function
A(w) = —(1/7)Im Gg(w), known as the Wannier-Stark ladder [69, 70]. In particular, in lattice
systems, electrons form a band structure and the the original band splits to sidebands with
energy spacing (2, the so called Floquet sidebands [68]. Optical properties of electronic sys-
tems are described by the spectral function and thus the Floquet sidebands can be observed
in various electronic systems subject to external ac-fields.

3.4 DMFT formalism in terms of Floquet-Green’s functions

We have introduced the Floquet representation of time-dependent Green’s functions. We have
also clarified its relation to the Floquet states and eigenvalues in Eq. (3.14). Next we would
like to deal with the DMFT self-consistency equations with the Floquet-Green’s functions.

As we have shown, GF and G4 have the time-translational symmetry (¢,¢/) — (¢+T,¢ +T)
but GX does not in general. However, for steady states in periodically driven systems, we can
show that GX indeed has the time-translational symmetry. In order to show that, let us recall
the DMFT self-consistency equations that we have established in Chapter 2,

Gl(t,t) = Goplt,t) — Ty (t,t) — Z(2, ), (3.16a)

Gioo(t,t) = Y Gy (1), (3.16b)
k

G, t) = G, 1) + 2(t, 1), (3.16¢)

;(t; t,) = ;DMFT[ﬁ](t, t/)- (3.16d)

We can regard Eqs.(3.16) as deterministic equations for 2(¢,#'), with a kernel Qa,i(t,t’ ) and
a source term X (#,t'). We have discarded the Keldysh component Gé{k(t, t') of the non-
interacting Green’s function, assuming that the distribution function in the initial state is
irrelevant to the steady state. Due to this assumption, the noninteracting Green’s func-
tion Gop(¢,t’) consists of the retarded and advanced components only, and therefore has the
time-translational symmetry. As we have discussed in Sec.2.1.5, the heat-bath is assumed
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to be in equilibrium and thus the source term of the equation, X, (¢,t'), also has the time-
translational symmetry. This observation suggests that, if there exists a unique solution
2(t,t') of Egs.(3.16), we have another solution X(¢+7T,¢' +T) and the two should coincide
with each other due to the assumption. Therefore the solution of Eq. (3.16) should have
the time-translational symmetry. We have just assumed that the solution of Eqs.(3.16) is
unique. However, within our experience, the numerical calculations show that the solution is
uniquely determined without any numerical instability in almost every case, supporting the
uniqueness of the solution.

Having proved that the unique solution of Eqs.(3.16) has the time-translational symme-
try, we can take the Floquet representation of Eqs.(3.16) by taking the Fourier transformation
with respect to tay = (¢ +¢')/2 and ., = ¢t —¢'. We finally obtain the Floquet representation of
the DMFT self-consistency equations,

Gy @i = G @ — £ 145 @)mn — E@)un, (3.17a)

Qloc(w)mn = ZQk(w)mna (3.17b)
k

G (@mn = G (@ + (@) pn, (3.17¢)

2(@mn = Zpppr G @)ma. (3.17d)

3.5 Optical conductivity in multiband electron systems

In this section, we give the formula for the optical conductivity in ac-driven steady states in
terms of Floquet-Green’s functions. In the preceding studies [68, 35], the formula for optical
conductivities for ac-driven single-band fermion systems is presented. Here we extend the
formula for multi-band system, and present the formula in terms of Floquet-Green’ functions.
Based on the Floquet-Green’s function formula, we further clarify the relation between the
Hall conductivity and photo-induced Berry curvature that characterizes the topology of the
ac-driven mult-band systems [29].

3.5.1 Formula for optical conductivity in periodically driven systems

Let us recall the formula for the optical conductivity Eq. (2.77) in nonequilibrium. For con-
venience, we divide the optical conductivity into two parts as

aU(t,t) = oY (t,¢) + ot t), (3.18)
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with the so-called diamagnetic conductivity (f” KA ') and the paramagnetic conductivity 0' (t t')
[67],

o (t,¢)= —6(t—

Zu (0G5, (3.19a)

(t,t) = 11
Upm w Q

vol

tr% [v;;(t)Gf(t,t')vi(t')G;(t’,m vk (OG5 (t,t W], (G, 1)].  (3.19b)

Note that matrix elements /,t /(t) and v k(t) are T-periodic and their Floquet representations
are given as

ij Tdt i im-mat
@ mn=py = T (te : (3.20a)
i i Tdt ;- im-mat
(Uk)mn =Vbmn=— o ?Uk(t)e . (3.20b)

In the following, we derive the formula for the time-averaged optical conductivity,

©0 Tdt t t ,
5(w) = Re f dtrel f Za, (tav + 2ol gy — e it (3.21)
—00 0 T 2 2

which is an important observable of steady states of the ac-driven systems.

We note that the time-averaged value of the product C(¢,t') = A(¢,#)B(¢',t) are expressed
as

Q/2 dv R R
Cw)= f —trA(v)B(v —w). (3.22)
—Q/2 27

Using this formula, we can rewrite the conductivities in Eq. (3.192a) and Eq. (3.19b) in terms
of Floquet-Green’s functions.

Diamagnetic conductivity. — o dla(t t') can be regarded as the product of 6(¢ —¢'), whose

Floquet representation is 6,,,, and u (t)G<(t t). In general, the product £(¢)G(¢,¢') with
fE+T)=f@®), G@+T,t'+T)=G(t,t)

can be transformed as

*° r dtay Lrel iwtpe ,inQt
(fGhn(w) = dtrel fltav+ — |G(tay,tre])- e e =
o T 2
T dtay W+t i(n+D)Qt
Z dtrel T f-1G(tay,tre) e e .
=—00

Substitutingn - n—-m,w - w+(m+n)Q2/2 and [ — I — m, we obtain

F@mn(@) =Y friGin@) = (FG(@)mn. (3.23)
l

Using Eq. (3.22) and Eq. (3.23), we obtain the Floquet representation for the time-averaged
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optical conductivity 5£{a(w) as

i 11 V2 dy ;ia
7 (W)= ——t — 0GR (). 3.24
Tai() =, Qvot %’f—g/z ok TR 6824

Actually, afﬂa always gives a pure imaginary value (that is why we have divided the conduc-
tivity into two parts). In fact, the matrix ﬂ;e] is Hermitian with

27yt .
iyt 0°Hy,  0°Hop _ .ij

M) = Shiok, ~ ook, PR

and GZ(w) is anti-Hermitian, since G<(¢,t')* = —G<(¢,t) holds from the definition Eq. (2.20a).
Thus Eq. (3.24) always gives a pure imaginary value, and we may neglect the diamagnetic
conductivity if we are interested in the real part of optical conductivity.

Paramagnetic conductivity. — af){n(t,t’ ) can be regarded as the product of vi(t)GR(t, th
and vi(t)GZ(t, t"), whose Floquet representations are, from Eq. (3.23), 62@5(0)) and ﬁié;(a)),
respectively. Applying Eq. (3.22), we obtain

I (@)= g f Qﬁ@[ﬁi GRo! Gi(v—w) + 0L G (D] GA(v - w)] (3.25)
pm 0 Qor 4 ) g 2 VTR VR R kU VUL

Finally, we obtain the Floquet representation for the optical conductivity,

y 1
o(w)Y =Re—

1 V2 dv i AR ] A< i A< NAT AA
tr —vak(v+w)vak(v)+vak(v)vak(v—w)]. (3.26)
vol | J-Q/2 27

3.5.2 Hall conductivity and Berry curvature in nonequilibrium

The static Hall conductivity *¥(w = 0) is a quantity of particular importance. The relation
between the Hall conductivity and the topological aspects of the system is first recognized in

the integer quantum Hall effect, where the Hall conductivity is quantized as
o2
o™(0) = zv, veN, (3.27)

and the integer v is a topological invariant, given by the integral of the Berry curvature %,
of the mth band over the whole Brillouin zone,

v= Z[ d—kz% frD(€Eme) (3.28)
= < Jpg o mk/FD\€mE), .
Bk = =iV X [(Umk|VElume)], (3.29)

with the mth Bloch wave function |u,,r), the energy €,,, and the Fermi-Dirac distribution
function f(w). This is the well-known Thouless-Kohmoto-Nightingale-Nijs (TKNN) formula
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[18], which is applicable to general multi-band systems in equilibrium.

In a similar way, one can define a curvature and a topological invariant in ac-driven
systems in terms of Floquet states [29, 34]. Therefore, the Hall conductivity in ac-driven
systems can also be regarded as the indicator of photo-induced topological phase transitions.
In the following, restricting ourselves to noninteracting cases, we obtain a Floquet topological
invariant starting from the Kubo formula, and obtain the clear relation with the expression
in the extended TKNN formula in ac-diven systems, which was first discussed by Oka, et al.
[29].

dc-Hall conductivity in ac-driven systems

Here we recall Eq. (3.26) and rewrite it for (i, j) = (x, y) and in the limit w — 0*. The integrand
of Eq. (3.26) can be rewritten as

Retr%[ﬁiég(v+w)ﬁié,:(v)+ 05 G (V) GR(v —w)]
= tr%{ [0 GR(v+ )03 GR () + 05 G (VD G (v — w)] +h.c.}~
=tr i{ [0 GR(v+ )03 GR () + 05 G (V)5 G (v — w)]
+[ =05 G B G + @) - B3GRV - 003 G,

where in the last transformation we have used [G<(w)]" = ~G<(w) and [GE(w)]" = G4 (w). We
can further transform the above as

GRv+w)-GRv-w) X GAW +w) - GA(W - w)
~ k k ~ A N k k
=tr [vi 5 U%G;(v)— va;(v)v% 50
AGE(v) 0GR (v)
w—0 AKX k AY A AX A A~ k
= tr |0 —E =03 GV - 05GR 0, —E (3.30)

Next, we would like to express the integrand Eq. (3.30) in terms of the Floquet states and
quasi-energies. As we have shown in Sec.3.2, the retarded and advanced Green’s functions
are diagonalized by taking the Floquet eigenstates Ap = (1, wog,--) as a basis as

o . 1
A;1GEA(w)Ay = di {—} : 3.31
w G O =gy O e 83D

where €, is the quasi-energy of the ath Floquet state.

Now, we introduce the distribution function f,z for the Floquet states in terms of the
lesser Green’s function. Recall the nonequilibrium distribution kernel F is given by

G (@) = GR()F () - Fr(@)Gp W), (3.32)

and F(w) is related to the nonequilibrium distribution function as fx(w) = [1 - Fr(w))/2.

In equilibrium, Fy(¢,¢') is independent of ¢, = (¢ + ¢')/2 and therefore F(w)is a diagonal
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matrix. In that case, G;(w) is also diagonalized by A, as

AL Gr(w)Ay = diag{27i6(w — €42 fFD(@ — €0k aez » (3.33)

with the Fermi-Dirac distribution fpp(w) =1+ e'Ty~1

garded as the k-resolved density of states at w, 2716(w — €4z ), multiplied by the distribution

. The diagonal elements can be re-

function frp(w —€q4r).
With the physical interpretation, we can naturally extend this to nonequilibrium steady
states as
ALPG(w)Ay = diag{27i8(w — €qr) fak}aez (3.34)

with the distribution function f,z for the Floquet state v ,,. Here we implicitly assumed
that the diagonal elements of f\,fclé,:(w)f\k are completely absorbed in f,z. With this as-
sumption, Gi’A’<(w) are diagonalized by the Floquet states as in Eq. (3.31) and Eq. (3.34),
and thus we can express the integrand Eq. (3.30) in terms of Floquet states with the unitary
transformation A, as

0GRW) , . 0G5 (v)
tr |0 — =03 GR (V) - 05 G0, ——

-y -1

AX Ay
w —_— W
uen PR = epp+ 072 Pk

'27Ti5(V_€ak)fak

-1

~ . Y
_ wj/;a,k 210V —€qr)fak Wy —(v Ep— 002

AX o ANY _AY Ax
waﬁwﬁa waﬁwﬁa

=-i 26(v — €qr)f ak> (3.35)

a#p (€ak _fﬁk)2
where we have defined the transformed current matrix wg,
W), = Ay opAr, i=ux,y. (3.36)

Plugging this into Eq. (3.26), we obtain the dc-Hall conductivity formula for noninteracting
systems in intense ac-fields as

A y AY  ax
1 wi;ﬁwﬁa_waﬁwﬁa
O.y(0) = (=17) fak- (3.37)
w Quol ; 0;/3 T

In the following, we discuss the relation between Eq. (3.37) and the Berry curvature
defined for the Floquet bands. We introduce a quantity,

Ax oY AV oAk
waﬁwﬁa waﬁwﬁa

B = Y (i 3.38
ok ﬁéa)( ) (€ak —€pR) (359

which is determined solely from the structure of the Floquet Hamiltonian H mn k- This quan-
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tity, in fact, coincides with the Berry curvature for the Floquet state |u,z),
By =iV x (Uar|Viugr)],- (3.39)

For detailed calculations, see Appendix D. Thus we can conclude that the de-Hall conductivity
calculated from the Kubo formula is the sum of the photo-induced Berry curvature Eq. (3.39)
of each Floquet band, muitlplied by the nonequilibrium distribution function f,z.

The Berry curvature is determined solely from the structure of the Floquet Hamiltonian
Hj},, while the distribution f,z is not universal and need to be calculated for each problem.
As we shall show in the Chapter 5, not only the Berry curvature, but also the nonequilibrium
distribution function play important roles in the observables.



Chapter 4

Nonequilibrium steady states in
dp-model in ac-electric fields

In this chapter, we study nonequilibrium steady states of the dp-model in strong external
ac-fields, motivated by recent pump-probe measurements for high-T'. cuprates.

Oka and Aoki [36] studied the noninteracting dp-model in circularly polarized light. The
electron correlation in the ac-driven dp-model, however, is not studied so far. Our study is the
first application of Floquet-DMFT technique for the dp-model in strongly correlated regime.

We investigate electronic structures in the dp-model in strong circularly polarized ac-
fields and obtain novel photon-dressed band structures and nonequilibrium distribution func-
tions which indicates a population inversion, which are found to be significantly different
from those in equilibrium. Specifically, we have calculated optical conductivities and found
negative optical contuctivities in the spectra of optical conductivities in the nonequilibrium
situation. We have also discussed how the Zhang-Rice singlet band behave under the influ-
ence of external fields.

4.1 Introduction — Why dp-model?

4.1.1 Physics of doped cuprates

The high-T'. cuprates have been studied extensively since Bednorz and Miiller discovered su-
perconductivity [71], whose critical temperature 7. = 35K. After their first discovery, dozens
of copper oxide superconductors are found. Mercury-based copper oxides [72] are among the
cuprate families that have the highest transition temperature T, = 135 K, which is far above
the critical temperature of conventional superconductors. The series of copper-oxide-based
superconductors, cuprates, are therefore regarded as the most prospective candidate for room
temperature superconductors.

The lattice structure of cuprates are shown in Fig. 4-1(a). Cuprates consist of conduct-
ing CuOg planes and insulating block layers. Since the atomic copper d-orbital is strongly
localized, the Coulomb repulsion on the copper site is quite large, and thus cuprates are
categorized as strongly correlated systems.

Undoped cuprates are themselves Mott insulators, and superconductivity manifests itself

49
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Figure 4-1: (a) Crystal structure of Nds_,Ce,CuO4 after Ref. [73] (Copyright (2014) by the
American Physical Society). (b) CuOg plane in cuprates. d,2_,z2-orbital in a copper atom and
p-orbitals in oxygen atoms are shown. (c) Energy scheme of atomic orbitals of copper and
oxygen atoms in CuQOg plane. U is the Coulomb repulsion energy at copper sites, and A is
the energy required when an electron hops from a copper site to an adjacent oxygen site
(charge-transfer energy).

only when electrons or holes are doped in the system, by means of replacing elements, apply-
ing pressures and so on. In Fig. 4-1(c), we show the energy scheme of atomic orbitals in CuOg
plane. Due to the strong electron repulsion on d-orbitals, a doubly occupied d-orbital has a
large energy U. Thus electrons tend to avoid each other on each copper site, and copper sites
are half-filled in undoped case. On the other hand, the electron correlation on p-orbitals (Fig.
4-1)(b)) at oxygen sites is negligibly small compared to U. The Fermi level Er of undoped
cuprates resides between the energy levels of p-orbitals and doubly occupied d-orbitals (see
Fig. 4-1(c)). In this case, the lowest electronic excitation takes place between an electronic
state at oxygen sites and a hole state at cooper sites. We define the level offset of d- and p-
orbitals as A, which corresponds to the excitation energy required for electron transfer from
an oxygen site to a copper site. As we have stated, cuprates satisfy U > A and the lowest exci-
tation is inter-site (copper to oxygen) transitions. Thus cuprates are called a charge-transfer
insulator.

In Fig. 4-2(a), we show the global phase diagram of carrier doped cuprates. Near the
undoped regime, the system is insulating, with antiferromagnetic long range order, due to
the super-exchange interaction between the neighboring copper sites. Further doping into the
insulating phase gives rise to the superconductivity with the d-wave pairing order parameter.

Here, let us briefly mention how to treat cuprates theoretically. In order to understand
the physics of cuprates, it is important to construct an effective model that contains essential
physics of the system. Such an effective lattice model for cuprates can be constructed by
focusing on CuQ; layers and discard other insulating block layers. A CuOg plane, shown in
Fig. 4-1(b), consists of three atoms per unit cell: one copper site and two oxygen sites. As
we have stated, the strong electron repulsion on copper sites is important to describe the
energy scheme of a CuOgy plane. Thus we introduce the Hubbard interaction U on copper
sites and neglect long-range Coulomb interactions as a minimal model. This three-band
model is called the dp-model, first proposed by Emery [8]. The Hamiltonian of the dp-model
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Figure 4-2: (a) Schematic phase diagram of high-T. cuprates, after Ref. [73] (Copyright
(2014) by the American Physical Society). The horizontal and vertical axes represent hole
concentration x and temperature 7T, respectively. (b) A numerical phase diagram of the dp-
model with dynamical cluster approximation [74] (Copyright (2014) by the American Physical
Society). The horizontal and vertical axes are number of holes per unit cell and temperature,
respectively. SC and AFM represent superconducting and antiferromagnetic phase, respec-
tively.

is given in the next section, in Eq. (4.1). In Fig. 4-2(b) we show a phase diagram of the dp-
model obtained by dynamical cluster approximation by Macridin, et al. [74]. Similarly to the
experimental phase diagram (Fig. 4-2(a)), there are d-wave superconducting phases adjacent
to the metal-insulator transition boundary in the phase diagram of the dp-model. In Fig. 4-
2(b), there is also a "pseudo gap" phase where low-lying excitations have energy gap at higher
temperatures than T, [75], which is also consistent with experiments [76]. Thus the dp-
model, although being a simple lattice model for a single CuOg layer with minimal Hubbard
interactions, contains enough physical processes to understand the rich phase diagram of
cuprates.

4.1.2 Optical manipulations of cuprates

Due to the rich phases in the carrier-doped regime, cuprates are also regarded as a fasci-
nating playground for novel photo-induced phase transitions. Carrier injection by optical
pumping is one possibility of photo-induced phase transitions in cuprates. Okamoto, et al.
[24] demonstrated such a photo-carrier doping in cuprates. In Fig. 4-3(a) we show an optical
absorption spectra of undoped LagCuO4(LLCO) by pump-probe measurements. The horizon-
tal axis represents the frequency wprohe of the probe field, while the vertical axis, the optical
absorption AOD, is proportional to the optical conductivity. The symbols represent the tran-
sient absorption spectra for LCO at ¢ = 0.3,2.0 and 50 ps after pumping. The spectrum for
doped LCO is also plotted as a solid curve. One can see the rise of the structure around
Wprobe = 0, the so-called Drude peak, after pumping, indicating that the system has finite dc-
longitudinal conductivity. Since the Drude peak survives for ~ 2 ps after the pumping, they
concluded that a photo-induced insulator-to-metal transition occurs in their system.
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Figure 4-3: (a) Optical absorption spectra (AOD) in LasCuO4(LCO) with 2.25 eV pump light
[24] (Copyright (2014) by the American Physical Society). The solid line is the AOD spec-
trum for 2% hole-doped LCO, while symbols are AOD spectra for pumped LCO at ¢t =0.3,2.0
and 50 ps after pumping. The rise of the transient spectrum near the zero probe frequency
Wprobe = 0 indicates a metallic response due to the photo-carriers. (b) Optical reflectance in
Laj g75Eug.2Srg.1205CuO4(LESCOq/8) at T' = 10K, which is in stripe-ordered insulating phase
[25], reprinted with kind permission from AAAS. Transient spectra ¢ = 5 ps after a mid-
infrared pumping are measured and we plot the result normalized by the static spectra. The
edge structure at the probe frequency wyrobe = 60cm ! is the plasma edge which originates
from the Josephson coupling between two superconducting CuOq layers.

The photo-induced superconductivity was also reported by Fausti, et al. [25] in the stripe-
ordered cuprates, Laj g75Eug9Srg 105CuO4(LESCO/8). They applied a mid-infrared pump
light and observed the transient refractivity by pump-probe measurements. They found
a plasma-edge response at wprohe = 60cm ™!, which coincides with the Josephson plasma-
edge response of the LESCOy/3 in superconducting phase. This suggests an insulator-to-
superconductor phase transition by irradiating light.

Since there are dozens of fascinating experiments on the photo-induced phase transitions
in cuprates, it is quite interesting to investigate the physical properties of photo-induced
cuprates in a theoretical manner. The difficulty in understanding the physics of photo-
induced phase transitions is that universal laws in optically driven systems have not been
established. The notion of band structures and distribution functions, which works well for
the physics in equilibrium, may not be applicable to non-equilibrium situations. Our mo-
tivation in this chapter is to clarify how the photo-induced carriers in cuprates differ from
chemically doped carriers. To be more specific, we would like to address the following ques-
tions.

e Is a “rigid band picture” valid for photo-doped cuprates?

In equilibrium, electron or hole doping are often treated by a “rigid band picture”. In
this picture, one first calculates electronic states for the undoped case, and simulate
electron or hole doping by shifting the chemical potential. This treatment is reason-
able when doped carriers do not alter the low-lying electronic structures. In fact, this
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simulation gives reasonable results for cuprates, as we have confirmed the comparison
between experiments and numerical phase diagram of cuprates in Fig. 4-2.

However, in optical carrier doping, many kinds of excitations, not only low-lying excita-
tions, but also high-energy excitations such as inter-band transitions, are continuously
activated while ac-fields are applied. In such a situation, there is no reason why the
rigid band picture is justified. We should therefore fully incorporate the external fields
and obtain the band structure which may drastically change in ac-driven situations.

* How do the photo-carriers distribute in the band? In the above we stressed that the
band structure may severely depend on external fields. In nonequilibrium we should
also examine how the electrons are distributed in the (deformed) band structure. In
equilibrium, the distribution function is universally given by the Fermi-Dirac distri-
bution. However, in nonequilibrium, there are no longer universal functions for dis-
tribution. In some cases, the nonequilibrium distribution gives rise to the so called
population inversion [35], where the population of electrons and holes are partially
inverted. There, characteristic features appear in some observables which clearly dis-
tinguishes the nonequilibrium states from equilibrium ones. Therefore, we would like
to investigate the nonequilibrium distribution and resulting effects for observables in
optical measurements, such as optical conductivities.

4.2 Model

In this section we review the basics of the dp-model and derive the noninteracting Floquet
Green’s functions in linearly and circularly polarized fields.

4.2.1 dp-model

The dp-model consists of the Cu(dxz_yz) orbitals and O(p,,p,) orbitals shown in Fig. 4-4. The
Hamiltonian for the dp-model reads

JLOZJLO()+JL01 +<752, (4.1a)

Ho=Y eqd] dic+Y €pD} Dic, (4.1b)
io lo

d,

20=Y Y 1Ptgpd! pio+ Y Thtpppi D1 (4.1c)
1o lel; Ao

Hy =Y Uqdfdyyd] diy + Y. Upp},pip] pis, (4.1d)
; 7

where /4 represents the d-p level offset, /#; is the electron-hopping term, and /% is the
Hubbard interaction term. Due to the parity of the orbitals, the signs of the hopping param-
eters T(le =+1and TZZ,) = +1 are determined as in Fig. 4-4, where ¢4, and ¢, are respectively
the amplitudes of the corresponding hopping parameters. Taking the Fourier transformation
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Figure 4-4: Lattice structure of the dp-model in real space. The atomic orbitals are schemat-
ically shown, where sign of the wave functions are shown by open and shaded regions. Solid
and dotted lines represent the hopping paths between Cu-O and O-O hoppings, respectively.

for site indices in Eq. (4.1), we obtain the noninteracting Hamiltonian .# in the k-space as

Ho=Y Wl HokWke (4.2a)
ko
Vho =" (dko Pxko py,ka), (4.2b)
—u —2itgy, sink—z" —2itgy sin%
Hop = | 2itgpsin }% A-p —4t,, sin k2—x sin % . (4.2¢)
2itgp sin% —4tpp sin%sin% A-pu

We take the lattice constant (the distance between nearest Cu sites) to be unity.

4.2.2 dp-model in linearly and circularly polarized electric fields

We consider the linearly and circularly polarized electric field E(¢) = —d;A(¢) given by the
vector potential

t(AcosQt,AcosQt), linearly polarized,
{(AcosQt,AsinQt), circularly polarized.
The external fields are included as the Peierls substitution: & — k + A(¢), and the Floquet

matrix elements introduced in Chapter 3 are calculated as

. T d¢ ,
Hyun(®) = Hotmn = | 7 Hokeame ™. (4.4)
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The Floquet matrices Hog, ,, are 3 x 3 ones of a form

€d5n0 a’in bin
Hoppn=| an €0n0 c*, (4.5)
by Cn €d0n0

The parameters a,,b, and c, are obtained by calculating Eq. (4.4) with the noninteracting
Hamiltonian Eq. (4.2c) and vector potentials Eq. (4.3) for linearly and circularly polarized
cases. The detailed calculations are given in Appendix F. The results are the following.

Linearly polarized light—

A k
an:2itdpJn(—)sin( “””), (4.62)
2 2
A ky+
bn:2itdpJn(—)sin( yIRT) (4.6b)
2 2
kx+ky+nm kx—Fk,y
cn =2ty Jn(A)cos(—)—énocos( 5 ) (4.6¢)
Circularly polarized light—
A Ry
an:2itdpJn (E)Sin( “nn , (4.7a)
A ky+
bn =2itgydy (E)(_i)n sin(yTM)’ (4.7b)
A : ky+ky+ . ky—Fky+
cn = 2tppdy (E) e i 6o Tynn)—em”ﬂlcos(TyW) ) (4.7¢)

With the noninteracting Floquet Hamiltonian, we can explicitly write down the Dyson equa-

tion as
GE GX 1+Q-HAk 0 SE 3K SE - $K
k Ag (w) = w (k) A R _ oA (w) - diss A%ISS (w)’ (4.8)
0 Gk 0 wl+Q-H(k) 0o =z 0 diss
where
Qaﬁ;mn = nQ(gaﬁamm (4.9a)
$EA(w) = Fil8apOmn, (4.9b)
A +nQ)
z"{fiss(w) =—2iI'tanh i 6aﬁ6mn’ a,p= dypx,pyy m,ne”Z. (4.9¢)

2T

Throughout this chapter we set, after the DMFT analysis of the dp-model by Macridin, et
al. [74], the model parameters as follows:

tap =1.6eV, tp,=0.0eV, A=45eV, U=9.0eV. (4.10)

We also set a fermion heat bath at each site to study the steady states in the ac-fields. The
heat bath parameters are taken as I' =0.1 eV and T = 0.5 eV. Hereafter, we set eV as the unit
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of the energy.

4.3 Results

In this section we present the results on the steady states of the dp-model in circularly po-
larized ac-fields. The results essentially depend on the photon energy of the ac-electric field
Q. Here, we choose 2 = 4,8, and 20 eV. As we shall discuss in the following subsections,
Q =4,8 eV correspond to charge excitation energies from Zhang-Rice band to the upper Hub-
bard band, and the p-band to the upper Hubbard band, respectively. Q =20 eV is larger than
the energy difference between the lower and the upper Hubbard bands and thus lies in an
off-resonant regime.

Experimentally, mid-infrared to near-infrared light (100 meV ~ 2 eV) are chosen as a
pump light, in pump-probe measurements. The reason for the choice of relatively large pho-
ton energies ) = 4 compared to experiments in our study is related to the computational
cost of our calculation scheme. The bottleneck of our calculation is the process of solving the
Dyson equation Eq. (4.8). The matrix size of the Green’s functions is (N3 Nf) x (N Nf), where
Np = 3 is the number of orbitals and N is the size of the Floquet Green’s functions, respec-
tively. The computational cost for solving the Dyson equation equals to that for inversion of
the matrices and thus O(N [?Ngi). Nr should be chosen so that the total band width may be
covered by the energy window Q x N of the Floquet Green’s function. Thus, as Q2 becomes
smaller, the required value of Ng becomes larger and computational costs increase as the
cube of Nr. For this reason, we have to take Nr < 20 so that the calculation may finish in
realistic computational time. Our strategy is therefore to take Q2 as small as possible (Q = 4)
and examine the tendency of the resulting steady states.

4.3.1 Off-resonant regime: ) =20 eV

First, we show the results in the off-resonant regime, that is, the photon energy Q is much
larger than the total band width. We set Q = 20, which turns out to satisfy the off-resonant
condition. The bath temperature and the bath coupling strength are set 7=0.5and I'=0.1,
respectively.

In Fig. 4-5(a), we show the time-averaged total density of states A(w) and the occupation

density N(w),

dt
:/?V N(tay,w), (4.11)

for various values of A. A(t,y,w) and N(¢4y,w) are the density of states and the occupation

Tdta T
A(w) = f —Z A(tav,0), N(w)= f
o T 0

density at time ¢,y, defined in Eq. (2.29). Our results in equilibrium qualitatively agree with
the preceding DMF'T study of the dp-model reported by Macridin, et al. [77], except that the
bath coupling makes the structure broader. The character of the density of states is given by
partial density of states in Fig. 4-5(b). The structure around w = -8 and w = 2 are the lower
Hubbard band (LHB) and the upper Hubbard band (UHB), respectively. They are mainly
composed of the d-orbitals and separated by U = 9. A sharp structure at w = —4 is the the
p-band.
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Figure 4-5: (a) Total density of states A(w) (red solid lines) and the density of occupied states
N(w) (shaded region), and (b) partial density of states, Ay(w) and A,(w), for each orbital,
in an off-resonant circularly polarized light Q = 20. Parameters are T'= 0.5 and I' = 0.1.
The intensity of the field A is varied from O to 4. LHB (lower Hubbard band), UHB (upper
Hubbard band), ZRB (Zhang-Rice band) and the p-bands are assigned. Photo-induced bands
that appear in a large intensity regime (A = 4.0) are marked as (P) and (Q).

More importantly, the structure at w = —1 is the so called Zhang-Rice band (ZRB), a
hybridized band composed of the p-band and the d-band. Doped holes in equilibrium are
doped into ZRB and thus an effective single-band picture proposed by Zhang, et al. [9] is
justified in equilibrium.

The width of each peak is reduced as the intensity A is increased for the following reason.
As shown in the Floquet Hamiltonian Eq. (4.7), an external field gives the factor Jy(A/2) to
the hopping matrix element ¢4, and causes effective shrinking of the band width. Therefore
the system becomes completely dispersionless as A/2 reaches the zeros of the Bessel function
Jo(x), i.e. A =4.8. The physical reason for this shrinkage is understood by time average over
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Figure 4-6: k-resolved density of states in an off-resonant linearly polarized light. k-points
are sampled along I'(0,0)-X(5r,0)-M(x,7)-I'(0,0). Parameters are T'= 0.5 and I' = 0.1. The
intensity of the fields A is varied from 0 to 4.
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the Bloch oscillation, known as the dynamical localization of electrons in ac-fields [78].

For large intensity of the field, Floquet sidebands grow. In fact, there exist photo-induced
bands far above the Fermi level, marked as (P) and (Q) in Fig. 4-5(a).

To investigate the detailed electronic structure, in Fig. 4-6 we plot the k-resolved spectral
function for various values of A. We clearly see that electrons become dispersionless as the
intensity A is increased. Subsequently, due to the reduction of the d-p hybridization ¢4,, the
ZRB, a hybridized band with a d-orbital and a p-orbital, is suppressed. In other words, ZRB
is not rigid against photo-irradiation and therefore the single-band picture can be degraded
in the photo-doping case.

(a) 08 | A=

0 5 10 15 20

Figure 4-7: Optical conductivities 0., (w) and o, (w) in an off-resonant circularly polarized
light, Q) = 20. Parameters are T'= 0.5 and I = 0.1. The intensity of the field A is varied from
0 to 4. For the explanation of the structures marked as (P) , (Q), (R) and (S), see the text.

Optical conductivities are also shown in Fig. 4-7. The longitudinal conductivity g,,(w)
(Fig. 4-7(a)) for A = 0 is consistent with the previous study by Wang, et al. [77]. The structure
(P) around w = 0 is due to the thermal excitations near the Fermi level. The structure (Q)
corresponds to the photo-excitation process ZRB—UHB, while (R) to the p-band—UHB. The
deformation of the spectra with increasing A is understood as follows. The peak (P) is due to
the electronic states near the Fermi levels and therefore suppressed as the system becomes
dispersionless and the density of states decreases near the Fermi level. The peak (Q) is also
suppressed since ZRB itself vanishes.

Interestingly, a negative conductivity grows near w = 14, labeled as (S) in Fig. 4-7. In gen-
eral, a negative conductivity at w indicates the population inversion between the electronic
states with the distance w in energy.
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The population inversion can be visualized by considering the distribution function f3(w) =
Ap(w)/Np(w). In Fig. 4-8 we show the distribution function for several values of A. We see
that the Fermi-Dirac distribution function at A = 0 is deformed and has a characteristic
structure around w = +15. This suggests that the photo-induced band marked as (P) and
(Q) in Fig. 4-5(a) are filled with holes and electrons, respectively. Therefore, the population
inversion, a necessary condition for the negative optical conductivity, is indeed realized in
this case.

The optical Hall conductivity o, (w) is also calculated and shown in Fig. 4-7(b). 0y(w) is
related to the Kerr and Faraday rotations [79], and thus we expect our calculation gives some
insights into the experiments of Kerr and Faraday rotations for cuprates under the influence
of circularly polarized fields. The analysis of 0,(0) is a future consideration.
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Figure 4-8: k-resolved distribution function in an off-resonant circularly polarized light with
Q =20. k-points are sampled along I'(0,0)-X(s,0)-M(r,)-I'(0,0). Parameters are T'= 0.5 and
I'=0.1. The intensity of the field A is varied from 0 (a) to 4 (d).
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4.3.2 Resonant regime: (2 = 4.0 eV and 8.0 eV

Next we turn to the resonant regime. We choose two photon energies, 2 = 4.0 (= excitation
energy from ZRB to UHB), and Q = 8.0 (= excitation energy from the p-band to UHB).

The total density of states and partial density of states are shown in Fig. 4-9(a)(b). A
substantial difference from the off-resonant case appears in the photo-carriers for the rela-
tively weak intensity A. By observing the occupation density N(w) in Fig. 4-9(a), we can see
that holes and electrons are doped to the p-band and UHB, respectively, as the intensity A
increases. On the other hand, the position of each band is almost unchanged, in contrast to
the off-resonant case ({2 = 20), in which the band structure highly deviates from equilibrium.
For example, ZRB marked as red arrows in Fig. 4-9(a), survives in the large intensity regime,
while in an off-resonant case (Fig. 4-5(a)) ZRS vanishes. This indicates that the rigid-band
picture may hold for weak intensity fields in a resonant regime.

The momentum-resolved distribution function is plotted in Fig. 4-10. For Q = 4.0 (Fig.
4-10(a)), the distribution function is almost monotonic, which resembles the Fermi-Dirac dis-
tribution function at high temperatures. For QQ = 8.0 (Fig. 4-10(b)), on the other hand, the
distribution function is highly non-monotonic. In particular, there is a structure around
w =5, suggesting population inversion at UHB.

In Fig. 4-11(a), we plot optical conductivities. For Q = 4.0 (left top panel), we observe the
reduction of the longitudinal conductivity. This behavior is understood as the effective high-
temperature effect. When the temperature becomes higher, electrons below [holes above] the
Fermi level are decreased due to the thermal excitations, and thus the optical transition is
suppressed. This results in the reduction of optical conductivities. For Q = 8.0 (right top
panel), we have a negative optical conductivity near w = 3 for higher values of A. This is
again due to the population inversion, as we stated above.

4.4 Concluding remarks

4.4.1 Summary of our calculation

In this chapter, we have investigated steady states in the dp-model in circularly polarized ac
electric fields for various values of photon energy Q) and intensity A, and observed significant
qualitative differences in the steady states between off-resonant and resonant cases. We
numerically calculated the momentum-resolved density of states, distribution functions and
optical conductivities and we obtained the following results.

¢ For off-resonant photon energy Q) = 20 eV, the distribution function stays almost mono-
tonic near the Fermi level (Fig. 4-8) for large A = 2, while the band structure highly
deviates from the original one. The population inverted photo-induced bands appear
far away from the Fermi level, and thus we observe negative optical conductivities.

¢ For a smaller photon energy Q = 8.0 eV, corresponding to the resonance energy between
the p-band and UHB, we observe deformation of the distribution function for small A,
and the band structure is almost unchanged in that intensity of A. The distribution
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Figure 4-9: (a) Total density of states A(w) (red solid lines) and the density of occupied states
N(w) (shaded region), and (b) partial density of states, A;(w) and A,(w), for each orbital, in
a resonant circularly polarized light Q = 4.0,8.0. Parameters are 7'= 0.5 and I' = 0.1. The
intensity of the field A is varied from 0 to 2. Population-inverted bands are marked as (A)
and (B).

function suggests the population inversion (Fig. 4-10(b)) and the system exhibits nega-
tive optical conductivities.

¢ For a small photon energy Q = 4.0 eV, corresponding to the resonance energy between
ZRB and UHB, the distribution function deviates from the original distribution func-
tion for small A < 2 (Fig. 4-10(a)), and resembles the Fermi-Dirac distribution function
at higher temperatures. Therefore, the effect of the external fields may be understood
as the effective rise of the temperature of the system.
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Figure 4-10: k-resolved distribution function in a resonant circularly polarized lights,
(©Q,A)=(4.0,1.0)(a),(8.0,2.0)(b). k-points are sampled along I'(0,0)-X(,0)-M(x,7)-I'(0,0). Pa-
rameters are T'=0.5 and I'=0.1.

4.4.2 Required electric field intensities

Finally, let us remark on the intensity of the field experimentally required for the phenomena
predicted here. From the definition of A, the amplitude of the electric field is £ = AQ, and

thus we have AN (RON 1
E:(e“ )(—)— (4.12)

h e Ja’

where q is the lattice constant. (eaA/h) is dimensionless, while 7Q)/e and a have the dimen-

sion of voltage and length, respectively. Thus we can express the amplitude in units of kV/cm,
which is commonly used in optical experiments as
eaA) ( hQ

_ el 4
E=25 (_h leV) x 107 [kV/em], (4.13)

where we have set @ = 4A, a typical lattice constant in the cuprates. The intensity of the field
is calculated as

1
I= §€0E2C
eaA\? [ hQ\2 11 9

where €y = 8.854 x 10712F/m is the vacuum permittivity and ¢ = 3.0 x 108m/s is the velocity
of light.

Let us compare the value of Eq. (4.14) with the intensity of pump light in pump-probe
measurements. The typical photon energy Q is in the range of 1 eV to 10 eV, while the
absorption energy is estimated as 10-100 mdJ/cm? [25, 80, 81]. Assuming that the typical
pulse-width is ~100 fs, we estimate that the intensity in pump-probe measurements is about
1012 ~ 1013 W/em?. In our calculation we have used (eaA/h) ~ 1 and hQ ~ 10 eV. Substituting
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Figure 4-11: Optical conductivities 0**(w) and ¢ (w) in an off-resonant circularly polarized
light. Parameters are T'= 0.5 and I' = 0.1. The photon energy is set to 2 =4.0,8.0 and the
intensity of field A is varied from 0 to 3.5.

this into Eq. (4.14), we estimate the intensity of the field I at 102 ~ 10, which is comparable
to the situations of real experiments. This rough estimation of the injected amount of energy
indicates that the intensity of the fields required in our study may be realized in the pump-
probe measurements.

4.4.3 Discussions and future works

We have obtained the results based on Floquet-DMFT with an impurity solver based on a
weak-coupling perturbation theory. The validity of our approximation should be checked by
comparing with other numerical impurity solvers. One candidate is the non-crossing approx-
imation (NCA) [82, 83], which is based on a strong-coupling perturbation theory. NCA is
analytically formulated in terms of Green’s functions and can be extended to time-dependent
problems [84]. Steady state formalism for NCA can also be established by extending the
Green’s function to Floquet-Green’s functions.

To investigate ordered phases is also important works that we have left in this study.
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As we stated in the introduction, doped cuprates exhibit antiferromagnetic order or d-wave
superconductivity. Oka, et al. [85] studied the dc-biased Hubbard model and obtained the
nonequilibrium phase diagram for antiferromagnetic and superconducting phases. It is im-
portant to investigate the phase diagram for the ac-driven dp-model and to present a guide-
line for pump-probe experiments for cuprates.






Chapter 5

Photo-induced phase transitions in
Hubbard model on honeycomb
lattice

In this chapter, we study the nonequilibrium steady state of the honeycomb-Hubbard model
in circularly polarized electric fields, as a paradigm of the interplay between photo induced
topological properties and electron correlations.

We study intense-field and strongly correlated regimes with multi-band Floquet-DMFT
for the first time, and investigate how the photo-induced phase transition manifests itself
under the influence of circularly polarized fields.

We show that the system exhibits a novel photo-induced Mott transition and topological-
topological phase transitions. We shall discuss the properties of the phases by numerical
calculation of electronic structures and transport coefficients. Besides the numerical simu-
lation, we develop an analytic perturbation theory for Floquet states. We shall show that
the honeycomb lattice in the circularly polarized light can be mapped to an effective model,
whose properties are consistent with our numerical results.

5.1 Introduction

5.1.1 Discovery of topological phenomena: the integer quantum Hall ef-
fects

Topological properties in condensed matter are one of the most important topics in multi-
band systems and have been studied intensively to uncover beautiful connections between
topological aspects in quantum physics and quantum phenomena in real materials. The
study of topology in condensed matter originates from the discovery of the integer quan-
tum Hall effect (IQHE) in a two-dimensional electron system by Klitzing, et al. [86]. They
measured the Hall conductivity o, of the inversion layer in the MOSFETSs (metal-oxide
semiconductor field-effect transistors) in an intense magnetic field, and discovered that o,

67



68 5. Photo-induced phase transitions in Hubbard model on honeycomb lattice

is quantized as
2
ny:n%, neN. (5.1)
IQHE can be explained by the formation of Landau levels in magnetic fields. According to
the quantum mechanics of free electrons in magnetic fields, the energy levels of electrons in
a magnetic field B are quantized as

1

E, =hw, (n+§), nenN, (5.2a)
B

w. =2, (5.2b)
mc

where w, is the cyclotron frequency. In the presence of the Landau levels, the Hall conductiv-
ity is given by Eq. (5.1) when n Landau levels are fully occupied while other Landau levels
are empty. After the discovery of IQHE, Thouless et al. pointed out [18] that the quantiza-
tion of 0, can be understood in terms of topological invariants for each Landau level. They
showed the so-called TKNN formula

62
Oxy= D, T Va (5.3a)
a:occupied h
dk
Vo = | 5=Bak (5.3b)
27
Bak = [~ iVe x (Uar|Vrluar)],, (5.3¢)

for noninteracting multi-band systems, where a is a band index and |u,z) is a Bloch wave
function. %}, defined by k-derivatives of the Bloch wave function for the ath band, serves
as a curvature of the Brillouin zone, and thus called the Berry curvature [87]. Accoring to
differential geometry, v,, the integral of %8, over the Brillouin zone, is always an integer.
Vg, the so-called Chern number [88], is a topological invariant that is pinned to an integer
as long as the system is continuously deformed without crossing any phase boundaries. The
fact that oy, is proportional to the sum of topological invariants of occupied bands implies
that o, is pinned to a quantized value which topologically classifies the electronic state.
Applying this argument to two-dimensional electron systems in magnetic fields, Thouless,
et al. clearly explained the relation between the topological aspects of multi-band electron
systems and IQHE.

Thouless, et al. showed that the existence of topologically nontrivial bands with nonzero
Chern numbers v, # 0 is a requirement for IQHE and thus nontrivial topological bands are
indeed realized in integer quantum Hall systems. Then it is natural to pose a question,
"in which systems the nontrivial topological bands show up, besides electron systems with
intense magnetic fields?."

5.1.2 Novel topological phases in honeycomb lattice: topological insulator

The pioneering work was done by Haldane [19], who found novel topological states of fermions
on a honeycomb lattice even in the absence of net magnetic fields. In Fig. 5-1(a) we depict the
lattice structure of Haldane’s toy model, where black dots represent atoms of the same kind,
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(b)

Figure 5-1: (a) The Haldane model [19]. Black solid and dashed lines represent NN and
NNN hopping paths, respectively. These lines divide the unit cell into three regions, P, Q
and R as labeled in the figure. Magnetic fluxes +¢ are passing through P and Q regions,
respectively, while no magnetic field is applied to R regions. J and Ke'? are NN and NNN
hopping matrices, respectively. (b) A phase diagram of the Haldane model [19]. The flux ¢ is
varied with a fixed ratio K/J # 0. For ¢ =0 mod 7, the system is trivial with v = 0, otherwise
topologically nontrivial states with finite Chern numbers (v = +1 for pink and blue regions in
the fugure, respectively) appear.

and solid and dashed lines are nearest-neighbor (NN) and next-nearest-neighbor (NNN) hop-
ping paths, respectively. The parameters J and K are amplitudes of NN and NNN hopping.
This lattice structure is indeed realized in real materials, such as graphene [89] and silicene
[90]. He assumed spatially alternating magnetic fields applied perpendicular to the lattice
plane, and he set magnetic fluxes +¢ passing through P and Q regions in Fig. 5-1, respec-
tively. As a result of the alternating flux, the NNN hopping acquires a phase factor as Ke'?.
In Fig. 5-1(b) we show the phase diagram of the Haldane model for a fixed ratio K/J. By cal-
culating the Chern number of the occupied band v, he found a topological phase for ¢ # 0. His
finding is quite interesting in two points: (1) nontrivial topological state (v # 0) appears even
in the absence of Landau levels as in integer quantum Hall states, and (2) electronic system
in a honeycomb lattice is at a marginal point between trivial (v = 0) and nontrivial (v # 0)
topological states and thus topological phase transitions take place for an infinitely small
perturbation, the alternating flux ¢, which explicitly breaks the time-reversal symmetry.

Recently, Kane and Mele [20, 21] extended Haldane’s argument to a more realistic model
having the time-reversal symmetry. If we write the Hamiltonian for the Haldane model with
the alternating flux ¢ as #1a1dane(®), the Kane-Mele model is simply written as

1
<;fHaldane ((P) ‘%T

R T

) (5.4)
Haldane(_(p)

HKane—Mele =

where the symbols 1, | are spin indices and £ is a spin-spin scattering process that does not
violate the time-reversal symmetry. The point is that the Kane-Mele model has the time-
reversal symmetry, that is, the Hamiltonian Eq. (5.4) is unchanged by the time-reversal
operation: ¢ — —¢@ and 1 [|]—] [1]. The Kane-Mele model can be realized when some intrinsic
spin-mixing processes, such as spin-orbit interactions, are present, and fictitious alternating
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magnetic fields, assumed in the Haldane model, are no longer necessary. They constructed
a topological number, called Zy topological invariant, as a natural extension of the Chern
number, and showed the Kane-Mele model indeed has nontrivial topological states that is
classified by the Z5 topological invariant. The topologically nontrivial state in the Kane-Mele
model carries a spin current (the quantum spin-Hall effect) and has characteristic edge states
(chiral edge states). Based on the theoretical predictions, band insulators with nontrivial
topological bands, topological insulators [23], are recently found in various materials with
a strong spin-orbit interaction, such as two-dimensional HgTe quantum wells [91], or even
three-dimensional materials, BigSes [92] and BisTeg [93].

5.1.3 Topological states in an ac-driven honeycomb lattice

Besides Kane and Mele’s idea, Oka and Aoki [29] showed that topologically nontrivial state
can also be realized by applying external electric fields. They showed, as we have shown in
Chapter 3, that the Hall conductivity in ac-electric fields can be written in terms of Floquet
states as

e rdk
Oxy = Zg f %t@mk/“mk, (5.5a)
Bk = [ = 1Vk * Wmk|VElume)],, (5.5b)

where m labels Floquet bands, |u,,z) and f,,% are a Floquet wave function and its occupation
number, respectively. The photo-induced Berry curvature 98,,;, also serves as a curvature and
its k-integral over the Brillouin zone gives a topological invariant, analogous to the TKNN
formula. Oka and Aoki observed the low-lying electron dispersion in circularly polarized
fields and analytically showed that a metal-to-topological-insulator phase transition indeed
takes place. They also numerically demonstrated that the Hall effect does appear under the
influence of circularly polarized fields, as a result of the photo-induced Berry curvature. The
quantization of the photo-induced Hall conductivity is confirmed by a numerical study of the
transport properties of graphene ribbons in circularly polarized fields [94].

Photo-induced topological states are further investigated by Kitagawa, et al. [34], who
uncovered a connection between topological states in an ac-driven honeycomb lattice and
the original Haldane model. They start from the honeycomb lattice with NN hopping
in circularly polarized ac-fields. In the ac-electric fields with frequency Q, electrons can
absorb or emit photon energy hQ, and transfer to another Floquet states. In the limit of
weak intensity of the field, the transition amplitude is proportional to the intensity. They
developed the perturbation technique with respect to the external field and concluded that
the second-order perturbation of the field gives rise to an effective NNN hopping, K « iJ?,
which is analogous to the Haldane model in the case of the alternating flux ¢ = 7n/2. The
NNN hopping appears due to the two photo-assisted hopping processes, as depicted in Fig.
5-2. Thus the photo-induced phase transition in a honeycomb lattice is understood by the
analogy of the Haldane model, at least in the weak-field regime.

There are still unanswered questions for the photo-induced topological states. One is the
effect of nonequilibrium distribution function f,, which appeared in Eq. (5.5). As is already
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(a) (b)

Figure 5-2: Effective NNN hopping processes on a honeycomb lattice in circularly polarized
ac-fields, discussed by Kitagawa, et al. [34]. J is the NN hopping amplitude and Q is the
frequency of the ac-field. In (a) we show a second-order perturbation process, with NN hop-
ing with single photon absorption and subsequent NN hoping with single photon emission,
resulting in an effective NNN hopping matrices J2e™3. In (b) we show another second-order
perturbation process, with single photon absorption process after single photon emission pro-
cess. The two matrices add up to an effective NNN hopping matrix iv/3J2, which is equiva-
lent to Haldane’s NNN hopping for the flux ¢ = /2.

demonstrated in a Floquet-DMFT study in the single-band Hubbard model [35], nonequilib-
rium distribution functions can highly deviate from the Fermi-Dirac distribution function.
Since the external ac-fields induce not only the Berry curvature but also the deformation of
the distribution function, it is important to clarify how the nonequilirium distributions affect
the topological nature under the influence of ac-fields. Another question is about the topo-
logical states in circularly polarized ac-fields with strong intensity. When the field intensity
becomes large, the mapping to the Haldane model, studied previously in the weak intensity
regime, may not hold. Thus it is interesting to investigate whether or not the new topological
states appear in the strong field regime.

5.1.4 Electron correlation in a honeycomb lattice

So far, we have assumed that electrons on a honeycomb lattice are noninteracting. However,
electron correlation is also an important physics that drives the system into qualitatively
different states.

At half-filling, the honeycomb-lattice model is semimetallic in the one-body picture. The
low-lying dispersion is gapless, while the density of states is exactly zero at the Fermi level,
at which the low-lying dispersions touch at special points in the k-space. The semimet-
alic nature makes the Mott transition qualitatively different from that of correlated massive
electrons as we mention below. This characteristic Mott transition in the semimetal is called
"semimetal-insulator transition (SMIT)". Physics of SMIT in the honeycomb-Hubbard model
has been studied by various authors. Santoro et al. [95] developed DMFT on the infinite
diamond lattice, an extension of the honeycomb lattice to the infinite coordination number,
and revealed that the model possesses a rich phase diagram that includes semimetallic, Mott
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Figure 5-3: (a) The local density of states A(w) against w and (b) the renormalized Fermi
velocity UF against vr normalized by the free Fermi velocity vy for the honeycomb-Hubbard
model [97], reprinted with kind permission from Springer Science + Business Media. The im-
purity solver of DMF'T is the second-order iterated perturbation theory. The nearest-neighbor
hopping is taken as the unit of energy.

insulating, and antiferromagnetic phases.

Ebrahimkhas and Jafari [96, 97] studied SIMT in the two-dimensional honeycomb-Hubbard
model with DMFT and revealed that SIMT is accompanied by a renomalization of the Fermi
velocity. In Fig. 5-3 we show the spectral function and the renormalized Fermi velocity for
various values of U, after Ref. [97]. The density of states in Fig. 5-3(a) have the V-shaped
structure at the Fermi level w = 0 for each U, showing that there exist Dirac points at w =0
up to a large value of U and thus the Dirac dispersion is robust against the Hubbard in-
teraction. As U becomes larger, the structure around w shrinks due to the reduction of the
quasiparticle weight Z, as we discuss in this chapter. Instead, another structure develops
around w = U/2 which corresponds to the upper Hubbard band. Since the bare Fermi veloc-
ity vr is also renormalized by the quasiparticle weight Z as i = Zvp, one can estimate the
value of Z by taking the ratio ir/vp, which is plotted in Fig. 5-3(b) against U. In this case,
the critical value U, over which the quasi particle weight Z vanishes, is around U, = 13.3.

It is important to mention actual values of U in real materials. Wehling, et al. [98]
estimated the Coulomb interactions in graphene within the constrained random phase ap-
proximation (cRPA) [99], and they calculated the on-site repulsion U = 3.3J and the nearest-
neighbor repulsion V = 2.0J, where J = 2.8 eV is the NN hopping amplitude for graphene.
By carrying out the renormalization of the nearest-neighbor interaction V based on a vari-
ational principle, Schiiler, et al. [100] evaluated the effective Hubbard interaction U = 1.6/
for graphene. The estimated value is much smaller than the critical value U, for SMIT.

However, the value of U/J can vary from system to system. In fact, Schiiler, et al. also
calculated for silicene, a two-dimensional material with honeycomb lattice composed of sil-
icon atoms, and they reported U/J = 2.0 [100]. Moreover, the honeycomb lattice is recently
simulated in bosonic [101, 102] and fermionic cold atoms [103]. In the cold atoms, the Hub-
bard interaction can become even stronger due to the strong localization of the atoms, and
thus the strongly correlated regime in a honeycomb lattice may be realized.



5. Photo-induced phase transitions in Hubbard model on honeycomb lattice 73

Even if the system is weakly correlated with small U/J, effects of electron correlation on
topological properties are not at all trivial. The electron correlation does not explicitly break
the time-reversal symmetry and therefore one may expect that the topological characters are
not disturbed by electron correlation. However, the topological invariants that we have dis-
cussed in the previous section are constructed by noninteracting Bloch wave functions. When
the interaction is switched on, the electronic state may significantly differ from noninter-
acting states and thus one needs to extend the notion of topological invariant to interacting
systems, which has not been fully understood [104, 105].

5.1.5 Motivation and key results of this study

Having overviewed the recent developments in electronic systems in the honeycomb lattice,
we are now in the position to pose an interesting question that have not been answered yet:
"how the photo-induced phase transition manifests itself in the intense-field regime, or in the
correlated regime?" To investigate the correlated and intense-field regimes on a equal footing,
we apply the multi-band Floquet-DMF'T formalism, which we established in Chapter 3, to the
Hubbard model on the honeycomb lattice. We investigated the honeycomb-lattice systems
from the weakly correlated regime to the highly correlated regime, under the influence of
circularly polarized field with frequency Q. The key results are summarized as follows.

¢ For the high-frequency regime QQ > W (W is the band width), the system exhibits a
novel photo-induced Mott transition, even for small value of U/J. Further, for strong
field regime, the system exhibits topological-topological phase transition which is char-
acterized by quantized values of the Hall conductivity.

* We shall extend the perturbation technique that Kitagawa, et al. [106]) developed to
the regime of large photon energy (/W > 1). Using the formalism we shall show that
the honeycomb lattice in the circularly polarized light can be mapped to an effective
Haldane model in the limit of small W/QQ, and demonstrate that the novel phase tran-
sitions in the high-frequency regime can be understood by the static properties of the
effective Hamiltonian.

¢ For the small-frequency regime Q2 < W, the Hall conductivity has sign-change depen-
dence on the frequency Q2. We shall clarify the origin of this sign change as an effect of
the nonequilibrium distribution function.

5.2 Model

In this section we review the basics of the honeycomb-Hubbard model and derive the nonin-
teracting Floquet Green’s functions in circularly polarized fields.
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Figure 5-4: (a) Honeycomb lattice in real space. Open and shaded circles represent atoms in
A- and B-sublattices, respectively. Ry 12 are vectors to the nearest-neighboring sites. (b) The
reciprocal lattice space. G12 = (271/3v/3a, ¥27/3a) is the reciprocal lattice vectors: .

5.2.1 Honeycomb-Hubbard model

The tight-binding Hamiltonian for the honeycomb-Hubbard model reads

S = S+ A, (5.6a)

Ho="Y, dcl cjo, (5.6b)
{j),o

WAl :ZUCITC”CLCH, (5.6¢)
1

where A is the non-interacting tight-binding Hamiltonian and # is the Hubbard inter-
action term. The sum in /) is over all the nearest-neighbor pairs (i,;) in the honeycomb
lattice, depicted in Fig. 5-4. The directions to the nearest neighbors are given by R =%(0,a),
R =%-v3a/2,-a/2) and Rs = *(v/3a/2,—a/2), where a is the distance of the nearest-neighbor
sites (hereafter we take a as the unit of length: ¢ = 1). By the standard tight-binding model
calculation, we obtain the noninteracting Hamiltonian # in the k-space as

Ho=Y vl HokWke (5.7a)
ko
Vho =" (CAkU CBka)> (5.7b)
0 e—ik-Rj

Hop = . 5.7
Ok j:%,z (elk'Rj 0 ) ( c)
0 e tky +200s(‘/7§kx)eiky/2 5.7d)

- eiky+2cos(‘/7514’,,C)e_iky/2 0 ‘ .

The eigenvalues of Hyg, w = *€g, give the noninteracting band structure of the honeycomb

€k =J1+4cos2(\/gzkx)+4cos(\/§2kx)cos(%). (5.8)

lattice, where

2
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5.2.2 Honeycomb-Hubbard model in circulary polarized electric fields

We then consider the circularly polarized electric field E(¢) = —0:A(t), given by the vector
potential
A(t) ="(AcosQt,AsinQ¢), (5.9)

where 2 and A are the frequency and the amplitude of the vector potential. The intensity of
the electric field is E = |[AQ|. The external field can be included as the Peierls substitution:
k — k + A(¢). Due to this substitution, each component of the noninteracting Hamiltonian is
transformed as

o~ ikR;

~ik-R; ,~iA()R, ik-R; ,~iAsin(Qt-27j/3) (5.10)
, .

—e =e

where we have used R; = ‘(cos¢;,sin¢;) with ¢; = n/2 +27j/3(j = 0,1,2) representing the
angle between x-axis and R ;. Therefore, the time-dependent Hamiltonian reads

HO(t) = S6(t) + A, (5.11)
H(t) = kZ WZUHo,k+A(t)1I/k,a, (5.12)

! 0 ik R ,—iAsin(Qt—27/3)
Hop+am = i ( ik R, ,iAsin(Qt—27/3) 0 : (5.13)

In order to study steady states of this Hamiltonian, we need to solve the Dyson equation
for Floquet-Green’s functions, where the Floquet matrix element,

2 Tdt i(m—n)Qt
Hmn(k)=f0 ?Ho,k+A(t)e , (5.14)

plays an important role, with 7' the period of the field 7' = 27/CQ2. Each component of Hy 1 A
in Eq. (5.13) is transformed as

Tdt _inR, ciasin@i-21j3) im-n)t
—e ie* I3 e
o T
im-myonj3 —ikR; [T At iiAsinQt im-mQ
=e e J —e e
o T
i(m-n)-277/3 —ik-R;
= pilm=n)2njl3 ,~ik-R; —m-m)(A),

where J,(A) is the Bessel function. Then the Floquet matrix element of the noninteracting
Hamiltonian H,,,, reads

0 J_(m_n)(A)e—ik'Rf) J2rilm-m)jl3 (5.15)

Hpn(k) = hR
e (Jm_n(A)e’k R 0

With the Floquet matrix element, the Dyson equation for Floquet-Green’s functions reads
(see Chap. 5)

GE GK wl+Q-H(k) 0 SR $K SR $K
Y 3 5 = a A A - N _ diss - diss 516
(0 Gi‘)(w) ( 0 witO-H®)| | o $a|@-| G sa7|@, (5.162)

diss
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where
Qaﬁ;mn = nQdaﬁamna (5.16b)
S (@) = FiTSapOmn, (5.16¢)
& +nQ
$K (w)= —2itanh(w n )%gémn, a,p=A,B, mnelZ. (5.16d)

5.3 Result and discussions

In this section, using the two-band Floquet-DMFT formalism for honeycomb-Hubbard model
in the previous section, we study the properties of steady states in the honeycomb-Hubbard
model in circularly polarized fields. We set the Fermi level at the Dirac point (half filling)
throughout this chapter. We show our results in three parts: equilibrium (no external fields),
nonequilibrium steady states in ac-fields with off-resonant, and those for resonant frequen-
cies.

5.3.1 Equilibrium case

First we show the results for the equilibrium case, where the field strength is set to zero (A =
0). Since we have attached heat baths as dissipative environments, non-analytic behaviors
at phase boundaries will be rounded and thus phase transitions appear as a crossover. At
sufficiently small bath strength I' the observables show anomalous behavior in the vicinity
of the transition line.

In Fig. 5-5, we show the transition in the density of states A(w) and the occupation
density N(w) defined in Eq. (4.11) as U is changed. For 0 < U < 10 we observe a V-shaped
dip around the Fermi level, which is the manifestation of the quasiparticle with the Dirac
dispersion. Thus the system is semimetallic in this regime, having quasiparticles with Dirac
dispersion around the Fermi level. The quasiparticle weight Z and the renormalized Fermi
velocity O are given respectively as

ok
Z- (1- —) , (5.17)
0w }y=0
UF = ZvuF. (5.18)

For U = 14, the quasiparticle weight almost vanishes and a broad structure with the lower
Hubbard band (LHB) and the upper Hubbard band (UHB) grows around w = +U/2. The
critical value U,, at which the quasiparticle weight vanishes, is therefore situated around
U =14.

To estimate the critical strength U, more qualitatively, we plot the double occupancy,

Docc:<nTni>, (5.19)

the quasiparticle weight Z, and dc-conductivity o,, against U for various values of bath
coupling strength I'. As we have shown in Fig. 5-3(b), the quasiparticle weight Z can be
a good indicator for SMIT from the standpoint of the Fermi-liquid picture [97]. From the
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Figure 5-5: Equilibrium density of states A(w) for the honeycomb-Hubbard model in equilib-
rium, obtained by solving the Dyson equation (5.16a) with A = 0. The energy w is measured
from the Fermi level. The electron occupation density N(w) is depicted as the shaded regions.
Parameters are chosen as J =1,7=0.1 and I' = 0.06 and U increased from 0 to 17.

standpoint of Mott physics, D, can be a good indicator, since it shows the probability for
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Figure 5-6: (a) Quasiparticle weight Z, (b) double occupancy D, and (c) dc-conductivity
0xx(w =0) against U for the bath coupling strength I' increased from 0.06 to 0.3. Parameters
are chosenasJ =1and T=0.1.

finding two electrons on the same site, which drops to zero in the Mott regime. Besides,
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optical conductivity o (w) is an important quantity from the experimental point of view. A
finite dc-conductivity o, (w = 0) implies that there are electronic states around the Fermi
level and therefore it indicates a metallic nature of the system.

In Fig. 5-6 we show quasiparticle weight Z, double occupancy D, and the longitudinal
dc-conductivity o, for various values of bath coupling I'. Z and D,.. approach to zero as U
becomes larger, but converge to some nonzero values. This is due to the heat-bath attached
to the system. In fact, when we decrease the coupling constant I' as in Fig. 5-6(a)(b), then Z
and D, converge closer to zero in the large U limit.

In Fig. 5-6(c) we also show o, for some bath coupling strength I'. As I becomes smaller,
the dc-conductivity o, drops to zero more sharply at the critical point. By observing the
intersection point of the U — g, curves for I' =0.06 and I" = 0.1 we estimate the critical value
U, ~12.

Note that the quasiparticle weight Z has some structures in the insulating region. This
is because the Fermi-liquid picture breaks down in the Mott insulating regime U > U,, where
the quasiparticle weight calculated by Eq. (5.17) becomes ill-defined.

Let us compare the obtained critical value with the previous studies. Jafari et al. obtained
U, =13.3 using DMFT with iterated perturbation theory as the impurity solver at 7' =0 [97].
A slight difference from the present critical value can be understood as a finite-temperature
effect’. Technically, the critical value U, depends on the impurity solver. In fact, Minh-
Tien et al. used DMFT with QMC impurity solver at 7' = 0.1, obtaining U, = 8.2 [107]. It
is empirically known that the iterative perturbation theory overestimates the critical value
[107].

5.3.2 Nonequilibrium steady states in off-resonant fields

Next, we apply circularly polarized lights with off-resonant photon energies Q2 > W, where
W =6 is the band width. In this regime, the distribution function stays monotonic over the
bandwidth (Fig. 5-7). Therefore it is expected that realized steady states are well described
by the time-averaged effective Hamiltonian.

It turns out that the system exhibits two types of photo-induced phase transitions: semimetal-
insulator and topological phase transitions. In the following, we study the electronic struc-
tures and transport properties to investigate the nature of the steady states and obtain the
phase diagram. Finally, we discuss the resulting phase diagram by mapping our system to
a time-independent effective model, so that the connection between the honeycomb lattice in
off-resonant fields and an effective model of topological insulators are clarified.

Semimetal-insulator transition

In Fig. 5-8 the density of states A(w), the occupation density N(w) and the effective distri-
bution function f(w) = N(w)/A(w) are shown for various values of external field strength A.
We set U = 2 and therefore the system is semimetal in the absence of external fields. The

LOne might expect that U, increases as the temperature rises, but DMFT calculation show that U, decreases
as the temperature increases in a square lattice [56], a honeycomb lattice [107].
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Figure 5-7: Schematic description of the system in off-resonant (a) and resonant (b) electric
fields, where ( is the frequency of the external fields. Thick lines and gray shaded region
show the density of states and the distribution, respectively.

problem is how the semimetallic state is disturbed by circularly polarized fields, and what is
the character of the nonequilibrium steady states.

The distribution functions stay monotonic over the bandwidth in Fig. 5-8, as we have
expected in the off-resonant condition. Examining the density of states in Fig. 5-8, we find
that as the field strength increases, the system undergoes a phase transition which looks
rather similar to the semimetal-to-insulator transition for increasing U. The dip structure
around the Fermi level vanishes as A increases, and UHB and LHB grow around w = U/2.

In order to show the physical properties of the steady states, we plot the double occupancy
and dc-conductivities o,5(w = 0)(a,b = x,y) against the field strength A in Fig. 5-9. It should
be noted that the tensor o4, (w) has a symmetry,

Oxx(0) = 0yy(0), Ory(w)=-0y(w), (5.20)

due to the discrete rotational symmetry of the honeycomb-lattice in circularly polarized
fields.

Longitudinal conductivities (0xx,0yy) show that the steady state is insulating in regions
2.1<A<28o0r5.2<A <6. The double occupancy D, has minima in the insulating regions
which implies the Mott-insulating properties are strongly enhanced in the insulating region.
We clearly observe SMIT at these critical values A, = 2.1,2,8,5.2. This is quite similar to

20ne can prove Eq. (5.20) as follows. Let R be the unitary operation of rotating the system by angle ¢ =2m/3
around the z-axis. We also consider the translated coordinate system S’, which is rotated by R from the original
coordinate S. The system is equivalent in both coordinate. The external field is also equivalent, with only the
difference of time translation ¢ — ¢ + (27/3)/Q2. The time shift by a constant does nothing to the steady states.
Therefore, the realized steady states should have the rotational symmetry given by R. This means that the 2 x 2
tensor o(w) = {0} should satisfy o(w) = R~ 1o(w)R = Ro(w)R~! with R = (cf’s“’ —sing

sin¢  cos¢

this relation leads to Eq. (5.20). This argument holds for any ¢ # nn(n € Z). Therefore Eq. (5.20) also holds for a
square lattices, and a triangle lattice, and so on.

). Simple algebra with
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Figure 5-8: Density of states A(w) with shading representing occupied states N(w) (left
panel), and the effective distribution function f(w) (right panel) for various field strength
A increased from 0.0 to 2.4 in the off-resonant regime 2 = 10. Parameters used here are
J=1,U=2,T'=0.1and T=0.1.

usual SMIT, with an essential difference that the transition is induced by the external field
A, not by the interaction U.

Thus the results show that the external fields induce the Mott insulator phase. This
may seem surprising, since external fields usually tend to excite carriers. However, this
phenomenon is clearly understood in terms of the effective Hamiltonian where external fields
effectively change the hopping parameters [29, 34].

Since the nonequilibrium distribution function is monotonic as shown in Fig. 5-8, the
phase transition should be caused purely by a property of the effective Hamiltonian. As
shown in the Floquet Hamiltonian (5.15), an external field gives the factor Jy(A) to the ki-
netic energy part of the Floquet Hamiltonian and causes effective shrinking of the bandwidth
W. The reason for this shrinkage is understood by time average over the Bloch oscillation
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Figure 5-9: (a) The double occupancy D, and (b) optical conductivities (0yx,0yx,0, and
0yy) against the field strength A in an off-resonant regime (2 = 10. Parameters used here are
J=1,U=2,T'=0.1and T =0.1.

[68]. Therefore the electron correlation strength U/W is increased as U/(W|Jy(A)|). Hence,
the Mott transition induced by off-resonant external fields may be interpreted as an analog
of the bandwidth-controlled Mott transition [5].

If the field induced SMIT is consistent with the bandwidth-controlled Mott transition, the
critical field strength A for a fixed U is given by the relation U/(W|Jo(A.)) =U./W, i.e.,

U
|Jo(Ac)l = o (5.21)

c
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For the parameters used in Fig. 5-9, Eq. (5.21) gives
A, =Jy +UU,) = Iy H(+1/6) = 2.10, 2.75, 5.05, 6.05, - - - .

These critical values are consistent with those obtained here from D .. and o,, in Fig. 5-9.

Topological-semimetal transition

We further investigate the properties of semimetallic regions. In this region, the circularly
polarized light opens a topological gap at K- and K’-points and gives nontrivial Berry curva-
tures and the Hall conductivity at least for noninteracting case as shown by Oka, et al. [29].
Therefore it is interesting to ask whether the topological property is preserved, or even other
topological properties emerge, when the interaction is switched on. As shown in Chapter
3, the Hall conductivity is a good indicator for nontrivial Berry curvatures in the Floquet
Hamiltonian.

Let us again examine Fig. 5-9(b), the dc-conductivity against field strength A for U =
2. Firstly, the Hall conductivity oy, is nonzero only in the region where the longitudinal
conductivity o, is finite. Secondly, 0., and o, drop to zero not simultaneously: there seem
to be two-stage phase transitions with three phases: (1) topological phase: o, # 0, (2) normal
metal phase: 0, # 0,0,y = 0 and (3) Mott-insulating phase: o, = 04y = 0.

To further investigate the three regions, we calculate the k-resolved Hall conductivity
g(k) over the BZ, given by

5Y AR VAT (A A e AA
g(k)= 1 o ﬂtr 0y, G (V)05 G (v = 0) + 03, G (MIEGR(v — w)

—(x<—y). 5.22
2 0—0J_qp 27 w (x =) ( )

The k-resolved Hall conductivity g(k) is connected to the Hall conductivity via a relation,

N;
Oy = (R)dE, (5.23)
- chllNk ;g

with N, = 2 the spin degeneracy, Qcen = 3v/3/2 the volume of the unit cell, and N, the number
of k-points in the Brillouin zone. As we have shown in Chapter 3, in the noninteracting case
2(k) is expressed as
gk) =) Bk fmks (5.24)
m

where 9%,,1, is the Berry curvature and f,, is the distribution function for the Floquet state
labeled by the Floquet index m and the Bloch momentum k. It is straightforward to show
that g(k) satisfies

2n .27
cos S  —sinS-
g(k)=g(RE), R= (sin i cos 2_;’ ) (5.25)
3 3

and therefore g(k) has the same Cs symmetry as the Berry curvature [29].

In Fig. 5-10, we plot the spectral function and the k-resolved Hall conductivity. From this
we can see that the main contribution to the Hall conductivity is the Berry curvature around
the K- and K’-points for 0 < A < 2.4. The contribution vanishes at A = 2.4, a zero of Jy(A),
where the diagonal elements of the current matrix Y vanish. In Fig. 5-10(a) the Ek-resolved
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Figure 5-10: (a) The Ek-resolved spectral function Ag(w) and (b) the Ek-resolved Hall con-
ductivity g(k) for various values of the field strength A in the off-resonant regime Q = 10.
Parameters used here are J =1,U =2,'=0.1 and T =0.1.

spectral function,

1 Tdtay [ , t t
Ap(w)=—-=Im f —av f Atrel @0 r G | tay, + —2  tay, — =2 |, (5.26)

shows that a band gap opens at the Dirac points for A = 1.5. It clearly shows that the system
becomes insulating due to the external field. For A = 2.0 the gap almost closes and the system
becomes semimetallic. For A = 2.4 the system is a Mott insulator, with quasiparticle absent
around the Fermi level while UHB and LHB develop. This shows that the system has a
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Figure 5-11: The double occupancy D, the longitudinal dc-conductivity o,, and the Hall
conductivity o, against U for A = 0.4 in the off-resonant regime 2 = 10. Parameters used
here are J =1,'=0.1 and 7' =0.1.

two-stage phase transition.

In order to see the effect of U for the topological properties, we fix the field strength
A =0.4 at which the topological gap opens at U = 0, and increase the interaction U until the
system enters the Mott-insulating region. In Fig. 5-11. we plot the dc-conductivities oy, Oxy
and the double occupancy D ... An important observation is that there are two critical values
of U. At U = Uy = 7.0 the dc-Hall conductivity o, vanishes, followed by U = Ucg = 9.0, where
the longitudinal conductivity o, goes to zero and the system enters an insulating phase.

Let us discuss how the Hall conductivity o, is quantized. In Fig. 5-12 we plot o, and oy,
against A for various values of U. In particular, in the noninteracting case we set a weakly
coupled low temperature heat-bath with 7'=T = 0.02 so that the effect of the dissipation is
reduced. For the noninteracting case, o, reaches the quantized value +2e2/h (where the
factor 2 is the spin degeneracy). For rather strongly coupled bath with 7'=1 = 0.1, the Hall
conductivity decreases from the quantized value. This fact indicates that one should set the
temperature sufficiently low, compared to the topological gap at the K-point, for an exact
quantization of . In fact, the topological gap for A = 1.5 is estimated as ~ 0.1 (see the band
structure in Fig. 5-10) and thus T < 0.1 may be required in this case. As U increases, the
Hall conductivity is also suppressed, as we have discussed in Fig. 5-11.

We finally investigate the metallic, insulating, and topological properties in the U-A
space. In Fig. 5-13 we plot 0, (a), Docc (b), and oy (c,d) for fixed bath parameters T'=1"=0.1,
against U and A. In Fig. 5-13(a-c) we also plot the contour U/U, = |Jo(A)| (see Eq. (5.21))
with U, = 12, above which the system is effectively regarded as a (bandwidth-controlled) Mott
insulator. In fact, D, and o4, have interesting robe structures and have vanishingly small
values above the contour, indicating that the system is indeed insulating above the contour.

The behavior of the Hall conductivity is more interesting. Below the metal-insulator
boundary, the Hall conductivity changes sign around special values of the field strength
A =3.0,4.4,6.4,7.6,--- along the U-axis in Fig. 5-13(c) (such sign-change behavior has been
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Figure 5-12: The longitudinal dc-conductivity o, and the Hall conductivity o, against A
in the off-resonant regime Q = 10 for the interaction strength U increased from 1.0 to 4.0

with I' =T = 0.1, and in the noninteracting case U = 0 with a weakly coupled heat bath with
I'=T=0.02.

already seen in Fig. 5-9 and Fig. 5-12). This sign change occurs even in the absence of U. We
will further investigate this novel phenomenon in the next section.
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(a) O [€7/h] (b) D

Figure 5-13: Two-dimensional color plots for (a) the longitudinal conductivity o, (b) the
double occupancy D, and (c) the dc-Hall conductivity o, as functions of U and A in the
off-resonant regime (2 = 10. An effective critical value of U = U.Jy(A) (see Eq. (5.21)) is also
plotted as dashed lines. (d) A three-dimensional plot for oy, is also shown so that one can
easily see that o, reaches its quantized value +2 inside the topological phases. Parameters
used here are J =1,I'=0.1 and T =0.1.
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Figure 5-14: Noninteracting (U = 0) band structure in the vicinity of the K-point, around a
critical value A = 4.4, at which the Hall conductivity changes sign (Fig. 5-13). Horizontal
axis is a line in the k-space given by (47/3v/3,¢) with —271/9 < t < 21/9. Parameters used here
areU=0,J=1,I'=0.01 and T =0.01.

Interpretation of the photo-induced topological phase transition in terms of effec-
tive Haldane model

In this section, we investigate the origin of the sign-dependence of the Hall conductivity o,
in Fig. 5-13. First we show in Fig. 5-14 the k-resolved spectral functions in the vicinity of the
K-point, for U = 0 and several values of A around A = 4.4. Two bands touch with each other
at the Fermi level and separates again as A passes a critical value A =4.4 along the U =0
axis. Since this phase transition is observed in the noninteracting case, this phenomenon
should be explained by the topological nature of the noninteracting Floquet Hamiltonian.

The connection between the Dirac electrons in circularly polarized fields and the topolog-
ical band-insulator is clarified by Kitagawa et al. As Kitagawa et al. pointed out [106], in the
weak-field limit (A < 1 and J <« Q), the tight-binding model on the honeycomb lattice in a
circularly polarized light can be mapped to the Haldane model which we introduced in the
introduction. Due to this mapping, the photo-induced topological phase transition turns out
to be equivalent to the topological phase transitions of the Haldane model, a tight-binding
model of a topological insulator.

Although their arguments are limited to the weak-field regime, their method for the con-
struction of the effective Hamiltonian is general enough to analyze the system in strong
electric fields. In the following, we reestablish the procedure for constructing the effective
Hamiltonian by perturbation theory, only assuming //Q <« 1, and obtain the effective theory
for the honeycomb lattice in strong circularly polarized fields.
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First we write down the Schrodinger equation for a Floquet elgenstate |¢py) = {p7 }oo—

=—00?
(Eq+nQPL =Y Hymo, (5.27)
m
where «a labels the Floquet eigenstate and ¢}’ is the m-th component of the Floquet eigen-
vector. Note that in the 2 — oo limit we have ¢Z¢° =0 and </>g is an eigenstate of Hyg = Hy.
Thus ¢77° ~ O(J/Q) is evaluated as
H Ho J

n#0 _ nm m _ —-nY 0
= = +o|—=]1. 5.28
@ ;Ea+nﬂ¢“ na P O(Q) (5.28)

Plugging this into the Schrédinger equation for the n = 0 component in Eq. (5.27), we have
E a(,bg = ZI:I om ng
m

A I:IOmPImO 0
= (Hoo+ § Zomiml
( 00 ng‘o mQ )('ba

= (HO +y —[H‘”’H”])(pg.

n>0 n{}

Thus we obtain a general expression of the effective Hamiltonian up to the order of J/Q,

[H_pn,Hpl

Heff:HO+Z 0

n>0

(5.29)

Kitagawa, et al. [106] constructed the effective Hamiltonian Ho.¢ = Ho +[H-1,H1)/Q as a
perturbation expansion for the field strength A. Our effective Hamiltonian Eq. (5.29) is a
natural extension of theirs, and works even for larger A as long as the photon energy satisfies
the off-resonant condition Q/J > 1.

Let us assume that our time-dependent Hamiltonian has the form

) =Y Jijt)clc;, Jij) =) (5.30)
i

with JJ;;(¢ + T) = J;;(t). This expression is general enough within our interest. In fact, the
tight-binding model in electric fields are given by substituting

R;
Jij(t)=JijeXp (—i[ A(t)'dr). (5.31)
R,
The n-th Floquet component of the Hamiltonian reads

Tdt ;
Hp = ZJ{LJ-CZ.LCJ', Jinj :fo ?Jij(t)emﬂt = (Jj_in)*' (5.32)
ij

Using the Fermionic commutation relation {ci,c;} =§;;, we can calculate the commutator in
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(b)

Figure 5-15: Next-nearest-neighbor hopping between (a) A-sublattice sites (open circles), and
(b) B-sublattice sites (shaded circles) on the honeycomb lattice. d; 2 and e 2 are the vectors
between nearest-neighbor sites. Red and blue arrows represent the hopping process with the
hopping direction d; + d2 and e + e2, respectively.

Eq. (5.29) as
(A, 0] = i%l Ji_jnJZl[CZCj,C;Cl]
= -'Zkz I ([cjcj,cz]cl +CZ[CZCJ',CZ])
ij
= ijZkZJi_j"JZl (6jkc:cz —6”(32(:]-)
= %;(JZ_J”JJ”Z - Ji”ij_l”)cchl, (5.33)

Therefore, the effective Hamiltonian of the tight-binding model (Eq. (5.30)) reads

K"
eff ZZJ:( ij r;)ng)clcw ( )
K=Y Ty Iy = Iy ) (5.35)
%

Let us now apply the general formula Eq. (5.34) to the honeycomb lattice in circular fields.
In the honeycomb lattice, the bare hopping <J;; is only present between nearest-neighbor
sites. However, the effective hopping K Z in Eq. (5.34) has nonzero elements between next-
nearest-neighbor sites, as we show below. First, the bare hopping Jg,(¢), the matrix element
of electron hopping with direction R; (see Fig. 5-4(a)) in our model reads

Jg,(t) = Je RiAD
_ Je-iAsin(Qt-2mj/3)

ZJZJH(A)e2”inj/3e_th.
n

Taking the Fourier transform with ¢ we have

Ig, = I Tn(A)e” I, (5.36)
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Now we consider the next-nearest-neighbor hopping depicted in Fig. 5-15. As shown in Fig.
5-15(a), the next-nearest-neighbor hopping between A-sublattice sites are expressed by two
nearest-neighbor hopping vectors di = Ry and ds = —R1. Using Eq. (5.34), we obtain the
effective hopping parameter as

K31+d2 = Jliszsl - ngJél
=(Jg,)" Jg, ~ (") Jg!
2 —2min/3 _ _2min/3 . 19 . 3mn
:Jn(A)(e —e ): —ZLJn(A)SlnT_ (537)

Similarly, the next-nearest neighbor hopping matrix in the B-sublattice, illustrated in Fig.
5-15(b), is calculated as

3
K, e, = Jol' b, — b Jol =20 (A)sin = (5.38)

Substituting Eqs (5.36), (5.37) and (5.38) into Eq. (5.34), we finally obtain the effective Hamil-
tonian:

erff= ZJeffCJier+i Z VineffCJich', (5.39)
@y i

Jeft = JJo(A), (5.40)
2J2 X J2(A) . 27n

Kor= A i

off =~y n;l ——sin—

2J2
o JO(A) f Jo(2A cos0)dO |, (5.41)

where }(;;, and } (; ), are the summation over all the nearest-neighbor and next-nearest-
neighbor pairs, respectively.v;; = (2/ V3)(dy x d1), € {+1} is the chirality of the hopping path,
where d; and d2 are the nearest-neighbor vectors that connect the next-nearest-neighbor
sites. In the second line in Eq. (5.41) we have used some formula for the Bessel functions
(see Appendix E).

Importantly, Kq¢ is a real number and thus the effective hopping matrix iK.¢ is pure

+in2 after the next-nearest-neighbor

imaginary. Therefore an electron acquires a phase factor e
hopping. The Hamiltonian Eq. (5.39) is indeed equivalent to the Haldane model [19] that we
have introduced in the introduction of this chapter. Our effective Hamiltonian corresponds
to the Haldane model with an alternating flux ¢ = 7/2.

In order to investigate the sign dependence, we plot K. along with Jy(A) against field
strength A in Fig. 5-16. K oscillates and changes sign (infinitely many times) as A in-
creases. Inverting sign of K¢ is equivalent to adding an additional flux: ¢ — ¢ + 7 and
leads to, according to the phase diagram of the Haldane model (Fig. 5-1), a topological phase
transition with a shift of the Chern number v =+1 — F1.

In fact, the zeros of K do indeed coinside with the boundary between o,y >0 and 0., <0
along U = 0 axis in Fig. 5-13. Thus we can conclude that the topological phase transition
against field strength A can be understood in terms of the effective Haldane model (Eq.
(5.39)) in the off-resonant regime.
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Figure 5-16: The effective next-nearest-neighbor hopping parameter K¢ (Eq.5.41) normal-
ized by J2/Q, against the field strength A. Positive and negative regions of K¢ are empha-
sized as the yellow and green shaded regions, respectively. Jo(A)(ox Joff) is also plotted for
comparison.

5.3.3 Nonequilibrium steady states in resonant fields

We now turn to the resonant field regime: 2 < W. In this regime, photo-excited carriers
appear and give substantial differences from the off-resonant regime that is explained by the
properties of the effective Hamiltonian.

In Fig. 5-17 we show the density of states and effective distribution function for U = 2
and Q2 = 4. Photo-induced SMIT is observed in Fig. 5-17(a) in a manner similar to the off-
resonant case (Fig. 5-8). An important difference, however, is the non-monotonic behavior of
the effective distribution function (Fig. 5-17(b)).

As we stressed in the previous subsection, in the off-resonant case the distribution func-
tion does not significantly deviate from the Fermi-Dirac distribution. Therefore the transport
properties are basically explained by the static properties of the effective Hamiltonian. In the
resonant case, however, the distribution function is no longer monotonic and gives substan-
tial differences in physical observables.

In Fig. 5-18 we show the dc-conductivities 0., and o, for resonant and off-resonant
photon energies. oy, is suppressed with increasing A for all Q = 1.0,4.0,10.0, indicating
that the system goes from semimetal to insulator. Surprisingly, o, changes sign for the
photon energy Q in a low field strength, which means that the direction of Hall current can
be inverted by the choice of photon energy.

In order to investigate further, in Fig. 5-19(a) we show the Hall conductivity o, against
the field strength A for various values of photon energy Q in the noninteracting case. Since
the topological gap is proportional to A2 in the weak-field limit, the Hall conductivity also has
an asymptotic form oy, o A%(A — 0)[29]. In Fig. 5-19(b) we show the asymptotic coefficient
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Figure 5-17: (a) Density of states and (b) effective distribution functions for various field
strength A in a resonant regime = 4. Parameters used here are J = 1,U =2,I' =0.1 and
T=0.1.

given by }‘i_% axy/A2.

An important finding here is that the sign of o, can be changed by the photon energy
Q. Oka, et al. [29] have numerically shown that, for 2 =0.3 and A ~ 0.1, the Hall current is
induced in the —y direction, that is, 0, < 0. Our result is consistent with their results, and
indicates that a sign change of the Hall current may occur in their model by increasing the
frequency Q.

To clarify the origin of the sign change, we plot the k-resolved Hall conductivity g(k),
Eq. (56.22), in Fig. 5-20. We can see that g(k) exhibits different patterns as Q is changed.
An important observation here is that these patterns and the energy surfaces e = +/2, as
illustrated in Fig. 5-21, coincide with each other.

The origin of the contribution from the energy surfaces is the Floquet band gap caused
by the mixing of Floquet side bands. In Fig. 5-22 we plot the k-resolved spectral function
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Figure 5-18: (a) o, and (b) oy, for resonant field {2 = 1.0,4.0 and off-resonant field (2 = 10.0.
Parameters used here are J =1,U =2,'=0.1 and T'=0.1.
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Figure 5-19: (a) 0, against weak intensity A, for various values of (2 in the resonant regime.
(b) quadratic coefficient given by }xin}) (fyx/A2 for each Q) in (a). Parameters used here are

J=1,U=0,I'=0.06 and T'=0.06.

for Q =1 in the noninteracting case. We observe the topological gap at w = 0 and the gap
between the original band and a Floquet side band at w = /2. Since the Berry curvature
has large contributions around the gap, the patterns in Fig. 5-20 originate from the Berry
curvature at the Floquet band gap at w = +Q/2.

Figure 5-20 also indicates that the Berry curvature contributes not isotropically around
the Dirac points. Since the Berry curvature itself does not change sign around the Dirac
points [29], the sign inversion of g(k) =Y ,,, Bmr[mk should originate from the non-equilibrium
distribution function f,,% which depend on the Bloch momentum k. To demonstrate the state-
ment, we replace the nonequilibrium distribution function by thermal distribution function,

fFD(€mE), where frp(w) = (1 + e”T)~1 is the Fermi-Dirac distribution function. The resultant
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Figure 5-20: The k-resolved Hall conductivity g(k) for various values of Q. Parameters used
here are A =0.005,J =1,U =0,I' =0.06 and T = 0.06.
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Figure 5-21: Energy surfaces of the honeycomb lattice. (a) The lower part of the honeycomb
band structure w = +¢€p, where €z is given by Eq. (5.8). Equi-energy surfaces e = Q/2 =
0.5,1.0,2.0 are respectively shown in (b), (¢) and (d).

k-resolved Hall conductivity (k) only has the information of the Berry curvature 2,,; and
therefore we can factor out the effect of the distribution function f,,z by comparing g(k) and
Z(R). Strictly speaking, we have defined g(k) as the same as g(k) in Eq. (5.22) with an
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Figure 5-22: The k-resolved spectral function Ag(w) and the occupation density Ng(w) for
Q =1.0. Parameters used here are A =0.05,J =1,U =0,I' =0.005 and T = 0.05.
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Figure 5-23: The contribution of the fictitiously thermalized Berry curvature g(k) for various
values of 2. Parameters used here are A =0.005,J =1,U =0,I' =0.06 and T = 0.06.

artificial lesser Green’s functions that satisfy the fluctuation-dissipation theorem,

GE(w) = GE()F(0) - F(0)G{(w),

F(w)= diag{tanh

w+nQ) }°°
2T

n=—0o

(5.42)

(5.43)

Results are shown in Fig. 5-23. The patterns of the contributing 2-points are similar to Fig.
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5-20. However, the negative contributions are completely wiped out in the force-thermalized
ones g(k). This clearly shows that the k£-dependent non-equilibrium distribution function
indeed gives rise to the sign change of the Hall conductivity.

54 Summary

In this chapter, we have studied the honeycomb-Hubbard model in circularly polarized fields
as a paradigm of the interplay of photo-induced topological states and electron correlation.
We analyzed the electronic structures and transport properties of the steady states with
Floquet-DMFT formalism extended to multi-band systems.

¢ In the off-resonant case (QQ > W, with W the band width), we have obtained the phase
diagram of the steady state quantitatively by calculating dc-conductivities. The topo-
logical phase, characterized by the gap at the Dirac point and a finite Hall conductivity
Oy, is surprisingly robust against the electron interaction.

More interestingly, we found the topological phase transition characterized by the sign
inversion of the Hall-conductivity o, as the strength of the field is varied. We have
shown that the topological phase transition is clearly understood by the topological
properties of the Haldane model, by mapping the time-dependent Hamiltonian into the
effective Haldane model in the Q — oo limit.

¢ In the resonant case, we have shown that the transport coefficient exhibits sign-change
dependence on the photon-energy (2. We clarified the origin of Q2 dependence: in the
off-resonant case the Berry curvature at the Dirac point contributes to o,,, while in
the resonant case, the Berry curvature at the higher Floquet band gap as multiplied by
k-dependent nonequilibrium distribution function give rise to a negative Hall conduc-
tivity.

There are many interesting questions that we could not tackle in this study. Most impor-
tantly, we have not studied the ordered states. Although we have implicitly assumed that
long-range magnetic orders do not appear, if long-range spin orders are taken into account,
the Hubbard model on the honeycomb lattice exhibits antiferromagnetic order in the corre-
lated regime. Further, there are interesting predictions, such as the presence [108] and the
absence [109] of the spin-liquid phase, the emergence of density wave and unconventional
superconductivity [110], all of which originate from electron-electron correlation on a honey-
comb lattice [111]. It is thus interesting to investigate the fate of these ordered phases under
the influence of ac-electric fields.






Chapter 6

Summary and outlook

6.1 Summary

In this thesis, we have studied correlated electron systems driven out of equilibrium by ac-
electric fields. As we have stressed in the introduction (Chapter 1), orbital degrees of freedom
give rise to more complex but rich physics that cannot be attributed to an effective single-
band picture. Due to the rich physics, multiband electron systems are an especially interest-
ing playground in the context of photo-induced phase transitions for theoretical and exper-
imental interests, and our fundamental interest lies in understanding how multiband elec-
tron systems, which themselves possess various properties originating from orbital degrees
of freedom, exhibit novel physics driven out of equilibrium under the influence of external
fields.

In order to simulate nonequilibrium multiband correlated electron systems on the same
footing, in Chapter 2 we have reviewed the time-dependent Green’s function formalism and
the dynamical mean-field theory (DMF'T) to incorporate electron correlation in a non-perturbative
manner. In Chapter 3 we have developed the Floquet dynamical mean-field theory (Floquet-
DMFT), which was previously developed for single-band electron systems. The multiband
extension naturally leads us to the physics of so-called photo-induced topological insulators,
which is characterized by the photo-induced Berry curvature, and we have clarified the con-
nection between the photo-induced Berry curvature and Floquet-Green’s functions.

Having established the multiband Floquet-DMFT, we studied two interesting multiband
systems, the dp-model and the honeycomb-Hubbard model (the Hubbard model on the hon-
eycomb lattice) in ac-electric fields.

For the first application, in Chapter 4, we have studied nonequilibrium steady states in
the dp-model in strong external ac-fields, motivated by a recent pump-probe measurements
for high-T'; cuprates. In this study the photon energy Q) was varied from 4 eV to 20 eV and
we found the following.

¢ We have numerically obtained the momentum-resolved density of states and distri-
bution functions. For a small photon energy ) = 4.0 eV and a small intensity of the
fields A < 2 (corresponding to the amplitude of the electric field E = 2 x 10° kV/cm), the
nonequilibrium distribution function deviates from the original distribution function

99
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and resembles the Fermi-Dirac distribution function at higher temperatures, indicat-
ing that the effect of the external fields is basically understood as the effective rise of
the temperature of the system.

¢ For a larger photon energy within the resonant regime Q = 8.0 eV, we also observed
the deformation of the distribution function for a small field intensity A, while the
band structure does not significantly deviate from that in equilibrium. The distribution
function suggests population inversion and the system exhibits non-thermal effects,
such as negative optical conductivities.

¢ For an off-resonant photon energy Q = 20 eV, the distribution function stays almost
monotonic near the Fermi level for large A = 2 (E = 1 x 108 kV/cm), where the band
structure highly deviates from original one. The population-inverted Floquet side bands
appear far away from the Fermi level, and thus we also observe negative conductivities.

Secondly, in Chapter 5, we have studied nonequilibrium steady state in the honeycomb-
Hubbard model in circularly polarized electric fields. The central motivation in this study
is to investigate the interplay between photo-induced topological phases and the Mott in-
sulating phase in the honeycomb-Hubard model under the influence of circularly polarized
ac-fields. The results are summarized as follows.

¢ In the off-resonant case with photon energy 2 =10J > W = 6./, with W the band width
and JJ the nearest-neighbor hopping, we have obtained a phase diagram with respect
to the intensity A and the Hubbard repulsion U by calculating the double occupancy
and dc-conductivities. The topological phase, characterized by the gap at the Dirac
point and quantized Hall conductivity o,,, emerges in the strong-intensity regime. The
quantization of oy, is also confirmed numerically. Although oy, is suppressed in the
presence of Hubbard interaction U, the Hall conductivity o, remains for large U ~ 5
and thus the photo-induced Hall effect is surprisingly robust against electron interac-
tion.

¢ We found a topological-topological phase transition characterized by the sign inversion
of the Hall conductivity 0., as the strength of the field is varied. We have shown
that the topological-topological phase transition is clearly understood by the topological
properties of the Haldane model, by mapping the time-dependent Hamiltonian into the
effective Haldane model in the large-frequency limit Q/W > 1.

¢ In the resonant case Q < W, we have shown that the transport coefficient exhibits sign-
change dependence on the photon-energy 2. We clarified the origin of Q) dependence: in
the off-resonant case, the Berry curvature at the Dirac point contributes to o, while
in the resonant case, the Berry curvature at a higher Floquet band gap multiplied by
the k-dependent nonequilibrium distribution function gives rise to the negative o,.

6.2 Future works

As we summarized above, we have studied steady states of multiband correlated electron
systems in ac-electric fields with Floquet-DMFT and predicted novel phenomena in multi-
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band systems driven by external fields for the first time. Here we pose short-term and long-
term prospects.

6.2.1 Short-term outlook

First we present some questions that stem from our settings for the numerical simulations.

o Impurity solver away-from-half filling.— Throughout this study we have used the second-
order iterative perturbation theory (IPT) as an impurity solver. It is empirically known
that the second-order IPT gives qualitatively good results for the Hubbard model at
half-filling. One reason for this is that, for half-filling, the second-order IPT acciden-
tally reproduces the self-energy in the atomic limit U — oo. However, such nice proper-
ties are no longer guaranteed if one naively apply the second-order IPT to the cases for
arbitrary filling.

In order to investigate the Hubbard model away from half-filling, we may have sev-
eral options. One option is to design some modified self-energy that reproduces the
atomic limit, based on the original IPT. For example, Kajuater, et al. [60] introduced an
asymptotic form of the self-energy using the original self-energy with the second-order
IPT, and designed their asymptotic form so that asymptotic properties in U — oo and
® — oo may be both maintained. They succeeded in reproducing the filling-controlled
Mott transition in equilibrium. One may extend their approach to our nonequilibrium
case.

Another option is to use more elaborate impurity solvers, such as the non-crossing ap-
proximation (NCA) [112, 83, 113] and the quantum Monte Carlo (QMC) [114]. NCA is
based on strong-coupling expansion and thus applicable to strongly correlated regime.
QMC is in principle gives exact results, but the computational cost becomes severe
around metal-insulator transitions. One may have to choose impurity solvers depend-
ing on the correlation strength of the system.

® Choice of the heat-bath.— As we have formulated in Sec. 2.1.5, we have assumed that a
fermionic heat-bath is attached to the system. The virtue of this choice is that the bath
degrees of freedom can be exactly integrated out and incorporated as an effective self-
energy. On the other hand, the fermionic heat-bath model requires particle-exchange
between the system and the bath and therefore the particle number is not exactly con-
served. Besides, in real experiments, there are bosonic relaxation channels such as
spin-waves and phonons. Thus, to be more realistic, bosonic heat-bath models, as de-
veloped in Refs. [84, 115], should be incorporated in our formalism.

® Ordered phases.— In this thesis we have not studied the ordered states such as mag-
netic phases and superconducting phases. It is known that the dp-model [74] and the
honeycomb-Hubbard model [108, 109, 110] both have magnetic and superconducting
phases and thus it is interesting to investigate how these ordered phases are disturbed
or enhanced by external fields.
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(a) A(t) = A (cos Qt, sin Q) (b)

Figure 6-1: A photo-assisted next-nearest-neighbor (NNN) hopping processes in various
types of lattices. Solid black lines represent nearest-neighbor (NN) hopping. Red dashed
arrows represent photo-assisted NNN hopping processes. J and iK.s represent NN and
NNN hopping amplitudes, respectively. (a) A part of a general lattice structure containing
NNN atoms, with NN vectors d; and d2 with angle 29, in the circularly polarized light given
by the vector potential A(¢) = A(cosQt,sinQt). (b) The honeycomb lattice, and (c) the Lieb
lattice in the circularly polarized ac-electric field.

6.2.2 Long-term outlook

In this thesis, we have especially studied the dp-model and the honeycomb-Hubbard model
as applications of multiband Floquet-DMFT. There, we observed a dynamical reduction of
bandwidths (known in the context of the dynamical localization of electrons in ac-fields [78])
and an emergence of photo-assisted anomalous hopping processes. In particular, in the case
of honeycomb-Hubbard model, these dynamical effects result in novel photo-induced phase
transitions, such as metal-to-insulator and topological-to-topological phase transitions.

Although we have studied some limited cases of multi-band lattice systems, we expect
that the novel phase transitions discussed in this thesis can emerge in more general classes
of multi-orbital systems. To see this, let us apply the perturbation theory, discussed in
Sec. 5.3.2, for general multi-orbital systems. In Fig. 6-1 (a) we show a portion of an ar-
bitrary lattice structure, containing next-nearest neighboring (NNN) atoms. We set J/; and
Jo the nearest-neighbor (NN) hopping amplitudes and 26 the angle between the NN vec-
tors d1 and d2. Applying the formula Eq. (5.29) for the effective Hamiltonian in the off-
resonant regime, we obtain an effective NNN hopping iK.s in a circularly polarized field
A(t) = A(cosQt,sin Qt), with

21y & (-1)"J2(A) |
S1.

Ko = - Q

n2né. (6.1)

n=1 n

In other words, the anomalous NNN hopping may ubiquitously appear in general lattices
having angled NN bonds, under the influence of circularly polarized lights. We stress that
anomalous NNN hopping cannot appear for single-orbital systems, where NNN paths with
opposite angles (+20) always cancel with each other.

This observation motivates us to study steady states in circularly polarized lights for
general multi-orbital lattices having angled NN bonds. The study of the honeycomb lattice
in Chap. 5 can be regarded as one case-study for the class of lattices. The honeycomb lattice



6. Summary and outlook 103

= |

' g - V

éi : g —

B 10 - ‘

S | — B—

8 I chf(A) -
| JO(A/2) —

0123456 789101112
amplitude of vector potential 4

Figure 6-2: (a) The band structure of the effective lattice model for the Lieb lattice in off-
resonant circularly polarized lights. Chern numbers for upper, middle (flat) and lower bands
are —signKqe, 0 and +signK¢r, respectively. (b) The Hall conductivity and (c) the effective

next-nearest-neighbor hopping amplitude as functions of the amplitude of the vector poten-
tial A.

in circularly polarized light acquires the complex NNN hopping (Fig. 6-1(b)) and turns to
Haldane’s model, a prototypical model for Chern insulators. This idea can then be utilized to
design other Chern insulators, which may be more feasible in real materials or optical lattice
systems.

For example, in Appendix G we demonstrate designing the checkerboard lattice [116,
1171, another typical Chern insulator, starting from the Lieb lattice in circularly polarized
lights. Figure 6-1(c) shows the Lieb lattice in a circularly polarized light. The Lieb lattice con-
sists of three atoms per unit cell with no level offset between the atoms. The geometry of the
Lieb lattice may be found in real materials, such as CuOgq plane in cuprates. There are even
a proposals for simulating Lieb model in optical lattice systems [118]. The photo-induced
NNN hopping resembles the anomalous NNN hopping in the checkerboard lattice [116, 117].
As a result, topologically nontrivial bands emerge and topological-to-topological phase tran-
sitions can be observed, as in the case of the honeycomb lattice. In Fig. 6-2(a) we show the
band structure of the effective Lieb model Eq. (G.7) for an off-resonant frequency. The Dirac
point at k = (7, ), which is gapless in equilibrium, becomes gapped in the circularly polarized
lights. As the amplitude of the vector potential A is increased, sign-inversions of the effective
NNN hopping given in Eq. (6.1) take place and we observe topological-to-topological phase
transitions, as shown in Fig. 6-2(b)(c). The bandwidth of the effective Hamiltonian is scaled
by the Bessel function Jy(A/2) and the photo-induced Mott-transition will also take place for
certain values of A in the presence of the on-site Coulomb repulsion.

We have thus demonstrated the novel photo-induced phase transition in a variety of
multi-orbital systems and have shown a ubiquitousness of the photo-induced phase tran-
sitions discussed in this thesis. We expect that further investigations for other multi-orbital
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systems will give insights for the choice of materials and experimental settings such as the
intensity and the photon energy of the lasers, for the sake of the realizations of the interesting

photo-induced phenomena investigated in this thesis.



Appendix A

Particle-hole symmetry

In some cases, systems possess a particle-hole symmetry (PHS), an accidental symmetry that
strongly restricts the shape of Green’s functions. Let us consider a lattice model with the
following two properties.

(C1) The lattice can be decomposed into two sub-lattices and any particle hopping takes
place only between the two sub-lattices.

(C2) The total number of particles is equal to the number of atoms (half filling).

A lattice structure that satisfies the first condition (C1) is called a bipartite lattice. For
example, the square lattice and the honeycomb lattice with nearest-neighbor hopping are
bipartite lattices.

The Hamiltonian for the Hubbard model having the two conditions (C1) and (C2) reads

#D=3 Y Z[tij<t>cl,cja+tij<t>*cj-gcw]@U"(“ (0-3)(3a-3). @

i€AnjEAR O 2 2 2

Here, we have assumed that the lattice is decomposed into A- and B-sublattices. Ap and Ap
are the set of labels for atoms in A- and B-sublattices, respectively.

Now the particle-hole transformation operator 2, with 92 =1, is defined as
@ =PK, (A.2a)

+ .

. c. 1EA

Peig={ A (A.2b)
—C. 1€ AB

10’

and K is the complex conjugation operator that acts on any c-number ¢ € C as K¢ = ¢*. The
particle-hole operator & transforms an annihilation operator to the corresponding creation
operator with phase factor +1 for A- and B-sublattices, respectively. Using the definition and
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fermionic commutation relations we have
Pt cio]|P=1:j0) cig(=c )=t ;) " c;
ij igCio ij io jo ij jotios
N 1) . 1 1
Q’(CJlfgcig—é)g’:cigcza—E = —(czacw—é).

Thus the Hamiltonian Eq. (A.1) satisfies Z#(t)% = #, showing that the Hamiltonian has
PHS, [7#(t),%?] = 0. Due to this symmetry, the local Green’s functions possess the following

symmetry:
G op(t,t) = =i0( =) (cia (D), cjﬁ(t’)m definition.
=—i0(t — )] (1), ci p(EN].) PHS
= —Gi po(t) 1), (A.32)
G o5t t) = =G 4 (1), (A.3b)
Especially in equilibrium, Eq. (A.3a) implies Gﬁ.’(m(w) = —Gﬁ, 2o~ @) and thus the spectral
function A 4(w) = (1/7)Im GE  (w)is an even function of w.

ii,aa
We can also express Eqs.(A.3) in the Floquet representation and we have

Glpmn@) = =Gy, (~0)=—GRy  (~0)", (A.4a)
G pn@) =Gl (~0). (A.4b)

We have imposed this condition in the study of honeycomb lattice in Chapter 5.



Appendix B

Solving impurity problems with
second-order perturbation theory

In this appendix, we solve the impurity problem, discribed by the action,

S=8Sy+8S1,

So=). f dtdt' ¢l G, t,t)eq(t), (B.1)
g JC

$1= [ atU (ny0- @) (10~ ), B2)

in terms of Green’s functions on the Keldysh contour C =C;UC29, C1:—00o— oo and Cg : 00 —
—o00. As we have shown in Chapter 2, the Green’s function G,(¢,¢') can be expressed as

iGo(t,t) = <chg(t)c§(t’)e—isl>, (B.3)
and its perturbation expansion with respect to S is obtained as
0 1 2
Go(t,t) =GO 1)+ GV, )+ G2, 1) + -

The first-order term is given as the Feynman diagram in Fig.B-1(a) and calculated as

GVt t) = —U<ch,,(t)cj,(t’)fc dt (1@ -a)) (D - ) )

conn.

conn.

= -U(Tcey(t Lt’fdf o (ne®-a,

<Cc()c()c no(® (no(D-a5) )

=-U f dtig,(t,b)[-i95E,17) - as]i9,(,t)
C

=U f f dEd? Gy (t,Dn2(@) - as16cE, 74, ,1). (B.4)
C
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Figure B-1: Feynman diagrams up to the second order. Solid lines and dashed lines represent
modified noninteracting Green’s function ¢ and interaction U, respectively. The variable
t,t',0 and & are the variables for integration used in the text.

The second-order terms are given as the Feynman diagram in Fig.B-1(b)(c) and calculated as

(=iU)?
GP(t,t)=-i >

y ffcdfdf’ (11D~ a1) (1D~ 1) (g ()~ ) (m, @) —ar)) )

=U? f fc did¥ G, (t, DG, )4, (F , )9G5, F)45(F )

(Tces B (B.5)

conn.

-iUu® f fC dtd¥ Gy (t, D9, (F,t)9:(F,1)45(F D) [i9,F T +07) - as]. (B.6)
Comparing the above results with
Go(t,t") =Gyt t) + fc dtdt'Gy(t, D2, E)G (1)
we obtain the self-energy on the Keldysh contour up to the second order as
3o (t,t) = Ulnd(t) - ay — ixs(®18c(t,t) + UG, (t,t)95(t,t)G5(t, 1), (B.7)
where y,(t) is the internal tadpole contribution given by

Yo(t) = f dEUTng (t) - a5 190 (8, DG E, ). (B.8)
C



Appendix C

Formula for the double occupancy
in the multi-band Hubbard model

The purpose of this Appendix is the following.

¢ To obtain a general expression for the double occupancy in the multi-band Hubbard
model,

1
FE(t) = ZﬁHg’[;(t)chﬁJr igUaﬁaﬁ,;, (C.1)
a

where a = (i,a,0) contains the site-index i, band-index a and spin-index o =1,|. @
means spin-inversion: @ = (i,a,d).

* To check the validity of the formula for the double occupancy Eq. (C.4) by applying it to
the thermal equilibrium state in two different ways:

- Baym-Kadanoff formalism. The interaction is present on the imaginary-time axis.

- Keldysh formalism: We apply the adiabatic switching-on of the interaction and
therefore the interaction is absent on the imaginary-time axis. Instead, we take
the initial time ¢,;, to be infinite past.

¢ To apply the formula to ac-driven systems and rewrite it in terms of Wigner functions.

We have assumed in Eq. (C.1) that there is no inter-band interactions, while the one-body
part contains inter-band hopping terms.
C.1 Derivation of the formula for the double occupancy
The equation of motion for a Heisenberg operator c,(¢) reads

i0,c4(t) = [ca(t), #()]
= %Hg’g(t)cﬁ(t) +Uahia(t)ca(t).
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Using this relation, we have the derivative of contour-ordered Green’s function,
Gay(t,t) = —i(TCca(t)cg(t')),
with respect to ¢ as

i0:Gay(t,t) = Y HON0)G gy (,t) = iU (Tclha(lea®)ey ) +8c(t, ). (C.2)
B

Setting U, = 0, we obtain the differential equation for non-interacting Green’s function,

Y i0:0ap ~ HepOIG | )t,¢) = 8¢ (t,¢). (C.3)
B

Therefore we obtain the inverse Green’s function if we regard the LHS of above as the convo-
. 01, 5Oz I\ 7%
lution %ch“ﬁ t,DG ) (E,tdE.

Using Eq. (C.3) and Eq. (C.2) with y = @ and ¢’ = ¢ + 0, we obtain

Y fc dEG (X, DG pa(E,t+0) = iUg(Ra(BRa(t).
p

Plugging the relation G¥~1 = £ +G~1, we finally obtain the formula for the double-occupancy
as 1
(RaOna®) =) | dtZap(t,D)Gpalt,?). (C.4)
iUq B JC

C.2 Checking the validity of Eq. (C.4)

Thermal equilibrium state with Baym-Kadanoff formalism In this subsection, we
apply the formula Eq. (C.4) to the thermal equilibrium situation and obtain the known for-
mula in the previous works with DMFT [56]. We choose ¢yin = max = 0 on the contour C and
assume the system is in thermal equilibrium at ¢ = 0. The contour C therefore consists only
of the C3 branch. In this situation, Eq. (C.4) gives

1 T
(Aa(0Ag(0)) =——3" [ dTZ}}0,~iD)G P (-iT,0).
U a B 0
The Matsubara component G33 and thermal Green’s function G™"™ are related with each

other as

G3(t,t') = —i(Tce@)c'), t,t'eCs,
G (1,7) = —(T, c(r)c(z')), 7,7 €l0,UT], (C.5)

G3(-it,-it") = iGP™(7,7').
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Therefore, we confirm the double-occupancy formula in the thermal Green’s function formal-
ism,

(halOA2(O) = -3 f d7 s (0, G (7,0).
@ B

Thermal equilibrium state with Keldysh formalism In this subsection, let the inter-
action be absent at the infinite past ¢,;, = —00, and adiabatically be present at #,,x = 0. Due
to the assumption, the self-energy 23! = 13 = 0 and Eq. (C.4) is reduced to

(Ma(0)7Ag(0)) = —Z dt[2>ﬂ(0 t)Gﬂa(t 0)+Z<ﬂ(0 t)Gﬂa(t 0)]

iU, 5

:72 i df[zgﬁ(o,f)c;ﬁa(t 0)+2545(0,0G,(F,0)]

1 o [~d
:E% f_ ) S R 0G,@)+ 250G )L

Note that the fluctuation-dissipation theorem holds in thermal equilibrium:

GR-G*=G" -G~ =-(1+e"")G",
SRosA=5> 3% =-(1+e”N)z".

Eliminating G< and X<, we obtain

(fa(0)725(0)) = (C.6)

1 5 foo do Z05@)G5, (@) - IR ()G, (a))
iUq §J-c0 20 1+ewT

Since ZRGR[ZAGA] is the analytic continuation of ZH™GH™ into the upper-half [lower-half]
plane, and the function (1 +e®7)~! has poles at w = iw, = (2n + 1)niT with a residue —T, we
can deform the integration path for ¥ (w)GE(w) and 24 (w)G4(w) in Eq. (C.6) as shown in
Fig. C-1. As a result, we can rewrite Eq. (C.6) as a sum of residues at iw, and thus obtain

<ﬁa(0)ﬁa(0)>=UiT f Y =0 Gw,)GP (G w,,). (C.7)

a n=—oo ﬁ

C.3 Wigner Green’s function representation of the formula
We have shown that, in Keldysh formalism, the double occupancy is given by

D, (t):=(Ra()a(t)) = % dt [ZR(t DGR (ED+25(t, t)GA(t t)]. (C.8)

Uq

In ac-driven situations, the Green’s function G(¢,t') is periodic in the averaged-time domain:
G@t+T,t'+T)=G(t,t') where T is the period of the drive. Therefore we can define the Wigner
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Imw
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Re w

path for 2AG*

Figure C-1: Integration path for ZRG® and ZAG” on the complex w-plane. Crosses on the
imaginary axis represent iw, = (2n+ 1)aiT (n € Z).

representation G, (w):

Tdtay [ inQtay it /
Gplw)= f dtre e ave!@hrel (¢, 1),
0 T —00

where t,y, = (t +t')/2, tye] = t —t'. With this expression, the nth oscillating mode of the double-

occupancy, ’
dt i
Dgp ::f _Da(t)elﬂnt,
o T

is given by the formula,
o0 d(l) R n < < n A
Don = ; o |8 e [0+ EQ) Goom @)+ Zg i [0+ EQ) Gh_m@]|. (€9

Here we have utilized a formula,

R —_ _ _

C(t,t’):f A(t,D)B(t,t)dt

—00

_ Zf‘x’ d_we—i(w+nQ)tei(w+n’Q)t’An (w+ EQ)B_n/ (w+ Z'Q)
2 2 ’

=00 270

n+m

Cpltrel =0)=Zf: (;—:Anm 0+ Q)B_, (m%g).



Appendix D

Photo-induced Berry curvature in
terms of current matrices

In this appendix, we prove that the two expressions for the photo-induced Berry curvature,

X ANY _AY Aax
waﬁw,ﬁa waﬁwﬁa

Bop = ) (D) , (D.1a)
ok ﬁga) (ear —€pr)?
By = | =1V x (warlViuar)],, (D.1b)

coincide with each other. Here, |u,z) is an eigenstate of the Schrodinger equation in the
Floquet matrix form, Eq.(D.3). Starting from Eq.(D.1b), we have

By, = —i€;j10;Uar|0k|Uar)
= —i€;jp(0jUqk|OrUar)

=—i€ijr ) (Ojuaklupr)(UprlOrUar), (D.2)
B(#a)

where i,j,k run over x,y,z and summation over repeated indices is assumed. ¢;;; is Levi-
Civita’s anti-symmetric tensor. Now, recall the Schrodinger equation in terms of Floquet
matrices,

(Hr ~ Dlugk) = carltear)- (D.3)

By taking the differential 0y, for both sides and multiplying (ug|(8 # @) we obtain
(upklﬁ,]iluaw + €k (UpRIORUaR) = €ak(UpRIOLUAR),

with a current matrix 0i = 03, H},. This equation leads to

(upr 0% lugr)
(Upr|OrUar) = Pk TR k! (D.4)

€ak —€pE

113



114 D. Photo-induced Berry curvature in terms of current matrices

Plugging this into Eq.(D.2) we obtain

(U ake |07, | g1 YU g 0% | )

B, = —ici (D.5)
ak N ﬁ(;a) (€ar _eﬁk)z
The matrix element (uaklﬁilu pk) in the numerator of the Eq.(D.5) is nothing but the afp
component of a Floquet matrix,
wy, = A, 05 Ag, (D.6)

with A = (Wak)aez and thus the above equation coincides with Eq.(D.1a).



Appendix E

Properties of the Bessel functions

In this Appendix, we summarize important properties of the Bessel functions of the first kind
J,(z) we have used in the main text. Although there are several definitions of the Bessel
functions, we define J,(z) by introducing its generating function and derive its properties
and formulae, starting from Eq.(E.1) below.

Definition.—The Bessel function is defined by the Fourier expansion of the generating
function ®(9) = e??51"0  a 27-periodic function of 0, as

. . (S .
e#50 = N J,(2)e™, 2,0€R. (E.1)

n=—oo

By substituting 6 — 6 + 7/2, we obtain an equivalent expression,

. S .
e = N " J,(2)e™?, z,0€R. (E.2)

n=—oo

From the definition, we obtain an explicit form of JJ,(2) as

J.(2) = fgﬂﬁeizsmee—ina
0o 2m

Tdo izsinf —inf izsin(27—0) —in(2n1-0)
= (e e +e e )
0 2m

Tdeo
:f — cos(zsinf — nb). (E.3)
0o 7

We plot J,(z) for several values of n in Fig.E-1. Each J,(z) oscillates and has an infinite
number of zeros. Zeros of Jy(z), which play an important role in the physics of ac-driven
systems, are shown in Fig.E-1. Note that the Bessel functions /,,(z) for negative indices n
and those for positive ones n are related by an equation,

J_n(2) = Jn(=2) = (=1)"Jp(2). (E.4)

Neumann’s addition theorem.—Next, we obtain some useful formula that we used in the
main text. First we substitute (6,z) = (a,p),(0 — a,q) into Eq.(E.1) and multiply the two
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J,(2)

2.405

Figure E-1: The Bessel functions ¢/,,(z) for n from 0 to 4. Zeros of Jy(z) are also shown.

equations to obtain

e/ Poinarasin@-0) — N 1 (p)d,(g)e" "D, (E.5)

m,n

The exponent on the LHS is transformed as

i(psina +gsin(f — a)) = i\/p2 +q2—-2pgcosOsin(a +a'),
, gsinf

a =arctan ——.
p—qcosf

Now we integrate Eq.(E.5) over a € [0,271]. Then the summation for m and n in RHS only
remains for m = n. LHS coincides with the definition of Jy(z) if we shift the integration
variable as ¢ — a — a’. Thus we obtain so-called Neumann’s addition theorem for the Bessel
functions:

Jo(\/p2 +q2-2pgcosf)= Y. Jn(p)a(ge™. (E.6)

n=—o0

Other useful formula.—Especially, for p = ¢ >0 and 0 <0 < 27x, Eq(E.6) gives

0 > ;
Jo (Zp sin—) = Y Ju(p)e. E.7)
2) 2w
. . (6 . (2n—-6
We further integrate Eq.(E.7) over 6 € [0,27]. Due to the redundancy: sin 3= sin 5 |
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/2
the integral of LHS gives 4 f Jo(2psinf)df. On RHS, n # 0 terms vanish and the n =0
0

term gives 27Jo(p)?. Thus we obtain

/2 T
f Jo(2z cos0)dO = §Jo(z)z. (E.8)
0

Using above, one can calculate the following summation that appeared in the main text as

oo Jn(A)2 ) 2N f2”/3 0o
0

sin— = Y J.(A)?cosn0do
3 n=1

271/3 1 0
:f = [JO (2Asin—)—J0(A)2] do
0 2 2

n=1

T /3
= _§JO(A)2 +f Jp(2A sinf)do
0

T /2 /6
= ——Jo(A)P? + f - f )J0(2Acos0)d9
3 0 0
T /6
= EJO(A)Q - Jo(2A cos6)d0, (E.9)
0

where we have used Eq.(E.7) on the second line and Eq.(E.8) in the last transformation.






Appendix F

Detailed calculation of the Floquet
matrices of the dp-model in ac-fields

In this Appendix, we show the detailed calculation of the Floquet matrix elements of the
Hamiltonian Hy g+ 4¢;) in Eq.(4.2c). We consider the two types of external fields—linearly
polarize lights, and circularly polarize lights.

Linearly polarized lights—The vector potential is given by Ay (¢) = (A cos Qt, A cosQ¢) and
we substitute £ — k + Ar(¢) in Eq.(4.2¢). From the d-p hopping term we have the matrix
element as

k+AcosQt ldp ; ;
— _{’ezk/Zel(A/Z)coth +e.c.

2 21

tdp o A
_{’ezk/2 Z ian

tap Sin (

— inQt

+c.c.
21 n="oo

)
tip & [ ire. A e A
_ 2_zlvnz oih2in g 5)_6 lk/zan_n(E)

=—00
k+nﬂe](éjemgt
5 .

eith

o0

=tap Z sin

n=—oo

(F.1)

From the p-p hopping term we have

2t,, Sl
ppsm( 5 5

k.+k k.—Fk
—cos( x2 y+Acoth)+cos( x2 y)

. (kx+ky+n kx—ky)
2

—sin
Jp(A)e™ Y 4 tpp COS (

kx +Acoth) ) (ky+Acoth)
sin

=tpp

=tpp

+ A cos Qt) + cos

=—tdp Z cos (F.2)

n=—oo

x (kx+ky+nn

kx—ky)

where we have used the definition of the Bessel function Eq.(E.2). In the last transformation
we used Eq.(F.1).

Circularly polarized lights—The vector potential is given by Ac(#) = (A cos Qf, A sinQt)
and we substitute B — k + A¢(¢) in Eq.(4.2¢). From the d-p hopping term, in addition to
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Eq.(F.1) in the case of linearly polarized lights, we have another matrix element,

- (B+AsinQt k+ A cos(Qt —n/2)
tapSin| ——————| =tgpsin
2 2
X k A\ .
=tap ), (—i)nsin( ;’“’ Jn(g)emm. (F.3)
n=-o00

In the first line, we have just substituted Q¢ — Q¢—7/2 in Eq.(F.1), since cos Q¢ is transformed
to sinQ¢ and Eq.(F.1) coincides with the matrix element that we wanted to calculate above.
From the p-p hopping term we have, with K* = (k, + k,)/2,

. (kx+AcosQt) . (ky+AsinQt
2tpps1n Ssin
2 2
) T A . 7T . _n A . T
:tpp{—sm K++§+Esm(ﬂt+z) +sin |K +§_ﬁsm(gt_z) }

O nn A .
=t _(—i)n cos| Kt +—| (_) em(Qt+pz/4)
pp n:X—:oo [ ( 92 ) n \/Q

+(—1)" cos (K‘ + n_n) Jp (_i ein(Qt—n/4)]

2 )"z
x . ky—ky,+nnu . ky+tk,+nm A
_, emﬂ/4cos(L L pminml o L)}J (_ e ()
p”n:z-oo{ 2 2 "\V2

where we have substituteed £ — K* + /2 in Eq.(F.3).



Appendix G

Properties of the Lieb model in
circularly polarized ac-fields

G.1 Tight-binding model for Lieb model

The Lieb model consists of three orbitals, d, p. and p, as depicted in Fig.G-1. The tight-
binding Hamiltonian up to next nearest neighbor hoppings reads

S = Sy + AL+ A, (G.1a)

Ho=Y eqdidi+Y €ppip1, (G.1b)
i 1

S = ZJd:-f(pme/z +DPivj2tPi—z2 +DPi-2)the, (G.1c)
13

Sy = ZKei{b(mepiw/z +pz+y/2pi—5c/2 +pj_;c/2pi—y/2 +pz_y/2pi+x/2) +h.c, (G.1d)
1

where 4 is the on-site energy of each site, /#; represents nearest neighbor (NN) hopping

processes , and /% is next-nearest neighbor (NNN) hopping. For later convenience we mul-
tiplied phase factor e!? to the NNN hopping parameters. We shall show in Sec.G.2.1 that the
complex hopping parameter appears as a result of the circularly polarized field, even if the
original Hamiltonian does not contain NNN hopping process: K = 0.

By the standard tight-binding calculation, we obtain the noninteracting Hamiltonian /4,
as

Ho = %W;How/k, (G.2a)
vi=(de pek Pyi) (G.2b)
€4 24 cos % 2 cos %y
Hy, = 2Jcosk7’“ €p 2K [cos(k”x;—%)e’i‘pwtcos(@)ei‘p] .
2Jcos% 2K [cos(@)ei‘l’+cos(k";ky)e_i‘/’] €p
(G.2¢)

The band structure for the Lieb lattice for K = 0 is presented in Fig. G-2(a). There exists
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P, d
0000~
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Kev T Iie"’
07000
Ke'¢ J ;”Ke"q’

Figure G-1: The Lieb lattice. J and K are nearest and next-nearest neighbor hopping am-
plitudes, respectively. For reference a phase factor ¢ is attached to next-nearest neighbor
hopping processes depicted as the dotted arrows in the figure.

a flat band and two dispersive bands, touching at a single Dirac point M(rx, ).

G.2 The Lieb model in circularly polarized electric fields

We consider a circularly polarized electric field E(¢) = —0;A(¢), given by the vector potential
A(t) ="(AcosQt,AsinQt). (G.3)

The external field is included as the Peierls substitution: B — k+A(¢), and the Floquet matrix
elements are calculated as

Tdt
Hynn () = Hokmn = | 7 Hokeame ™. (G.4)

The Floquet matrices Hog,, are 3 x 3 matrices with the form

€q6n0 al bin

Horn=| an €pbno ¢,

n

(G.5)
by Cn €40n0
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The parameters a,,b, and c, are obtained from Eq.(G.4) with the noninteracting Hamilto-
nian Eq.(G.2¢) and the vector potential Eq.(G.3), and we have

A k

a, =2JdJ, ( )cos( x-;nn , (G.6a)
A k,+

bn:2JJn(§)(—i)”cos( yTRTY (G.6b)
A . . ke+ky,+ . . ky—Fky+

cp=2KdJ, (—) [e_L””/4e’¢ cos (—ynn) +ee"19 cog (—ynn) . (G.6¢)
V2 2 2

G.2.1 Effective model, band structure, and topological phases in off-resonant
case

From now on, we discard the bare NNN hopping: K = 0. Using the formula for an effective
Hamiltonian in off-resonant fields Eq. (5.29) in Chap. 5, we obtain the effective Hamilto-
nian for the Lieb lattice in circularly polarized field. Using the Fourier component of the
Hamiltonian Hog, ,, in Eq.(G.4), we have

(Hok,—n,Hok,nl
Hegp = Hopo+ Y, —————

n>0 nQ)
€4 2eJofrcos % 2eJofrCcos %
= 2Jeffcos%x €p 2Keff[cos(kx+ky)e‘i¢+cos(kx;ky)ei¢] ,
2eJofrCOS %y 2K ¢ [cos (kx+ky ) e'® + cos (kx_ky ) e‘i‘p] €p
(G.7)
with a phase ¢ = —71/2 and effective hopping parameters,
A

Jur=JJ0 (5) , (G-8a)

x 1 nm

= — sin|—|. G.8b

Ketr= 2:: - ( ) ( 2 ) ( )

The band structure of the effective Lieb model Eq. (G.7) is plotted in Fig. G-2(b). Due
to the photo-assisted NNN hopping amplitude iK¢f, a photo-induced gap opens at the Dirac
point M(7, ). The size of the gap is proportional to K¢, whose A-dependence is plotted in
Fig.G-3.

The Hall conductivity oy, is calculated from the nonequilibrium Kubo formula. In Fig.
G-4(a) we show oy, as a function of A at half-filling. The Fermi level is set to the energy of
the flat band. The values of intensity A at which the sign of oy, inverts correspond to the
zeros of K¢ in Fig. G-3.

In Fig. G-4(b) we fix A and vary the Fermi level near the energy of the flat band. o, does
not change drastically in the vicinity of the flat band. Thus we conclude that the flat band
has trivial Chern number v = 0, and the lower and the upper bands carries nontrivial Chern
number: v = 1, respectively.
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(b) A=3.5

e ———
-1 ——————— L ———
-2
-3

r X M r

Figure G-2: The band structure of the Lieb lattice (a) in equilibrium, and (b) in a circularly
polarized light with the intensity A = 3.5 and the photon energy Q = 10.
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Figure G-4: dc-Hall conductivity in the Lieb lattice in a circularly polarized light with Q = 10.
(a) The intensity A is varied from 0 to 12.5 with level offsets fixed as ¢4 = €, = 0. (b) The level
offset €4(=¢€,) is varied from —0.5 to 0.5 with the intensity A = 3.5 is fixed.
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