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ABSTRACT

The non-equilibrium Green’s function (NEGF) and quantum master equation (QME) are two main classes of approaches for electronic
transport. We discuss various Floquet variances of these formalisms for transport properties of a quantum dot driven via interaction with an
external periodic field. We first derived two versions of the Floquet NEGF. We also explore an ansatz of the Floquet NEGF formalism for the
interacting systems. In addition, we derived two versions of Floquet QME in the weak interaction regime. With each method, we elaborate on
the evaluation of the expectation values of the number and current operators. We examined these methods for transport through a two-level
system that is subject to periodic driving. The numerical results of all four methods show good agreement for non-interacting systems in
the weak regime. Furthermore, we have observed that circular light can introduce spin current. We expect these Floquet quantum transport

methods to be useful in studying molecular junctions exposed to light.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0184978

I. INTRODUCTION

Light-matter interactions on quantum scales have long been an
attractive research topic.' In particular, a strong electron-photon
interaction opens a new avenue toward engineering material
properties.”’ In the interpretation of phenomena related to
light-matter interaction, the strength of light plays an essential
role such that a perturbative treatment of light-matter interaction
becomes insufficient.” Technological advancements, for example,
in time-resolved photoelectron spectroscopy,” have allowed us to
experimentally demonstrate exotic states, such as Floquet-Bloch
states, on topological insulators.”” Electronic states in such a system
can be understood via Floquet theory as if a classical monochromatic
light is coupled to a closed fermionic system.”” Floquet theory is a
non-perturbative mathematical technique that essentially turns the

time-dependent Schrédinger equation with a time-periodic Hamil-
tonian to a time-independent equation in the price of increasing the
dimensionality of the basis set.”'' Floquet theory has been used
in the interpretation of Kondo effects and noise effects,'”'” spin
currents in DNA,'* electron transfer in donor-bridge-acceptor sys-
tems,'” driven quantum dots,'®"” directional photo-electric effects,'®
laser absorption properties,'” nonadiabatic dynamics,”’ and many
other applications.

To further enhance our understanding of light-matter inter-
actions, it seems essential to develop approaches that describe how
light interacts with open quantum systems. This requirement can
be met by properly combining the Floquet theory with quan-
tum transport theories. In other words, two classes of quantum
transport approaches, namely the non-equilibrium Green’s func-
tion (NEGF) and the quantum master equation (QME), can be

J. Chem. Phys. 160, 164102 (2024); doi: 10.1063/5.0184978
Published under an exclusive license by AIP Publishing

160, 164102-1

¥2:0€:10 ¥202 IudY 2


https://pubs.aip.org/aip/jcp
https://doi.org/10.1063/5.0184978
https://pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0184978
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0184978&domain=pdf&date_stamp=2024-April-23
https://doi.org/10.1063/5.0184978
https://orcid.org/0000-0002-9444-8548
https://orcid.org/0000-0001-7278-8608
https://orcid.org/0000-0001-5410-6183
mailto:vahid@westlake.edu.cn
mailto:douwenjie@westlake.edu.cn
https://doi.org/10.1063/5.0184978

The Journal
of Chemical Physics

complemented with the Floquet theory. There have been several
studies on extending the Floquet theory to open quantum sys-
tems. Floquet Green’s function is defined in a number of different
ways.”' ** For example, by employing Floquet Green’s function,
it is possible to derive an expression (generalized Tien-Gordon)
for the current when the baths are subjected to an asymmet-
ric periodic driving.””> While the Floquet density matrix method
(for closed systems) was established much earlier than the Floquet
NEGF,”*”’ there are some ambiguities in the existence and applica-
bility of Floquet (Lindbladian) QME for open quantum systems.”**’
Recent demands for dynamically controlling the material proper-
ties by the Floquet engineering stimulated the development of new
methods.”

The basic NEGF approach is straightforward when a one-body
Hamiltonian (e.g., the tight-binding Hamiltonian) can sufficiently
describe a system of interest (e.g., in large systems),’” and it is not
sensitive to the strength of system-environment coupling. More
advanced NEGF methods (such as the Hubbard NEGF) are also
capable of capturing electron—-electron interaction and other subtle
bath-system correlations (e.g., Kondo effects).”® Somewhat in con-
trast, the basic QME approaches (such as the Redfield QME) are
often derived under the assumption of weak system-environment
coupling and their implementation can be more convenient when
inter-dot many-body interactions (e.g., coulomb blockade) are
important.” Historically, two main flavors for Floquet theory exist
in the context of quantum mechanics/solid state physics. The first
one that focused on the evolution operator was developed by Shirley
in the mid-sixties,’’ while the second one that focused on the dis-
creet expansion of wavefunction was developed by Sambe.!’ In this
work, we intend to discuss that there are multiple ways in which
both quantum transport approaches can benefit from the Floquet
theory.

We will offer compact derivations for Floquet non-equilibrium
Green’s functions (which rely on the expansion of Green’s func-
tion pioneered by Sambe), and we will also microscopically derive
two versions of Floquet quantum master equations (one based on
the Floquet-based evolution operator pioneered by Shirley and the
other relies on the concept of Floquet density matrix). We will also
examine presented methods for a model system. For the sake of
simplicity, we have limited the content of this work to the weak
coupling regime. In practice, the validity of QME is limited to the
weak coupling regime. As the coupling between the system and bath
increases, the outcomes of QME will not match with the NEGF for-
malism, with or without external driving. In addition, we will invoke
the wideband limit (WBL) approximation, which assumes that the
density of states of the bath remains approximately constant in the
vicinity of the Fermi energy.*! While the wideband limit (WBL) pro-
vides significant simplification for studying quantum transport, for
both the QME and NEGF approaches, caution must be exercised
as will be clarified in the following. To the best of our knowledge,
there is no work dedicated to the consistency check between dif-
ferent Floquet quantum transport theories. Here, we sketch general
Floquet theories that are neither based on an average Hamiltonian
approach (Floquet-Magnus) nor based on stroboscopic and micro-
motion evolution (Van Vleck approximation).”” While this work
does not aim for extreme off-resonance frequencies, we believe that
the approaches presented here can be applicable across a relatively
wide range of driving frequencies.
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Il. THEORY
A. Model Hamiltonian

With this work, we are concerned with the electronic trans-
port through a quantum dot (the system) that is weakly connected
to the thermal fermionic bath (lead), while it strongly interacts
with an external monochromatic light with the frequency w. In
such scenarios, often a time-periodic off-diagonal term (that repre-
sents the dipole approximation) should be added to the unperturbed
system Hamiltonian (Hs) such that the total system Hamiltonian
will become time-periodic Hs(t) = Hs(t + T) [T = 27/ w]. The bath
Hamiltonian, Hg, and the system-bath interaction, Hgg, will be
remained time-independent. The spinless model Hamiltonian can
be given by

Hiot(t) = Hs(t) + Hg + Hsg, (1)
Hs(t) = > hy(t)d! d;, )
ij
Hp=Y elk&;kélk, (3)
I
I:ISB = Z Vlk,,-?:;krfl,- + H.c (4)
ki

Here, d; (cAl;r) is the system’s electronic annihilation (creation) oper-
ator in the many-body space and h;j(t) = h;j(t + T) represents a
periodic one-body Hamiltonian. Likewise, &y (é;fk) is the annihila-
tion (creation) operator for the kth electronic orbital in the bath 1.
The quantity Vi ; is the coupling strength between the kth orbital of
the bath (lead) [ and the system’s orbital ﬁi. In addition, the num-
ber operator is 71=3; d:‘ d;. We can further simplify the notation
of system-bath interaction Hamiltonian as Hgp = > Cj 3,' + H.c. We
shall also associate the bath I with the electrochemical potential
;- Note that the system Hamiltonian is quadratic, whereas the bath
Hamiltonian is non-interacting.

B. Floquet Green'’s function

In the following, we explore two types of Floquet Green’s func-
tion, whereby we named (1) vector-like NEGF and (2) matrix-like
NEGF. Our starting point for deriving these two flavors of Floquet
Green’s function is the two-time Kadanoff-Baym (KB) equation’”*’
for the retarded Green’s function, G'(t,t'), as

+oo
(i% - h(t))G’(t, - f an2'(t, ) x G'(t1,t') = 18(t - t').
%)
Hereafter, we will set h=1. " = 3, 3] refers to the total retarded
self-energy. %] refers to the retarded self-energy of the non-
interacting bath I, which only depends on the time difference, such
that T'(1,t") =2 (¢t - t').
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1. Vector-like (V-like) Floquet NEGF

One way to derive the EOM within the V-like Floquet NEGF is
to split the derivation into two parts. In the first part, we define the
following time-energy retarded and advanced Green’s functions:

[’Q ' Gl (1, 1)) — g1, ©), )

where & is the quasi-energy variable. Then, after performing the
continuous Fourier transformation, the KB equation for retarded
Green’s function simplifies as

d r too r er
(51+ia—h(t))G(t,$)—/0 drs (D) TG (-1, €) = L
(7)

Note that 7 = t — t;, and we have employed convolution identity in
the self-energy term. In the second part, we expand the G’ (¢, £) with
the following complex Fourier series:

N .
G(tE = e™g (&) (8)

n=—N

N is an integer that determines the truncation of the Fourier space
basis set. After substitution Eq. (8) into Eq. (7), we arrive at

Z (e—imutg I+ e—imvtnw I- h(t)e—inwt)g:[(g)

n

) +o0 .
- Z eimw(t)f dTZr(T)e’(H"w)Tg;(E) =1 9)
0

n

We then desire to find an EOM for g (&), which requires mul-
tiplying both sides by ¢"“ and taking the time average over one

period. The EOM for g;,( ) reads as
(((5+ mw) -2 (E+ mCU))(Smn - Z hmn)g;(g) =0mol, (10)

where 2" and [h] are given by

_ +oo .
2(€+ mhw) = / dTZr(T)e’(Hm‘“)’, (11)
0

T . .
A f dte™ h(t)e ™, (12)
T Jo

By running Eq. (10) over indices n and m, the compact form of
V-like Floquet NEGF appears as

(1= -1 g " (&) =1, (13)

where [H] = %, uHmn — (1) 8 is a standard definition for the
Floquet Hamiltonian. [I] and [£"/%F] are the block diagonal matri-
ces made of I and 5./, In the above block matrix EOM, g Frefers to
a stack of gj placed over each other (V-like) and I refers to stacking
zero matrices symmetrically placed around a central identity matrix.
In addition, £is unbounded. Note that with the energy-independent
WBL, 2"(€ + mw) = 2", there would be no implementation com-
plexity on the Floquet self-energy term. However, for a realistic
model, caution has to be taken because WBL is valid only for a lim-
ited energy window, and the WBL will break as mw becomes large
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(either the frequency or the integer m). The most important point
about Eq. (13) is that it is a time-independent EOM. Such a two-
step procedure was first employed by Sambe to directly solve the
Schrodinger equation with the time-periodic Hamiltonian. In addi-
tion, one can combine the inverse of Eq. (6) with Eq. (8) to expand
the two-time quantity Q(t,¢') in the V-like form as

’ © dE _i(ernw)t jet’
Q(t’t):Z[w e (e+ )tegtqn(g). (14)

From the definition given in Eq. (14), the requirement G*(¢',t)
= G'(t,t')" indicates g (&) = g7, (€ + nw) T

2. Matrix-like (M-like) Floquet NEGF

We first define the following one-step transformation for a two-
time function,

/ ©d& —i nw)t i( E+mw)t’
Qut)=3 [T e, 6. as)
wm J0 27

Note that Q(t, t') in Egs. (14) and (15) is also a function of
the driving frequency; however, we have omitted this dependency

on the left-hand side to keep the notation simple. The inverse
transformation, for the matrix coefficients gum ( £), is given by

= dt’ T i(E+nw)t —i( E+mo)t’ ’
gum (&) = f 7/ dte e Q(t,t). (16)
—oo 0

Contrary to V-like Floquet NEGF, & is a bounded (independent)
variable on the range [Ow]. We proceed by expanding G using
Eq. (15) and substituting the result into the KB equation and solv-
ing for the matrix coefficient g;,,,,. In this process, one can first notice
that the RHS can be reduced to I3,,,. After some lengthy algebra, we
arrive at the following EOM for the retarded Green’s function:

((5+ nw) - (E+ nw))g;m(c‘f) - zk: Bk 8 (E) = I8um. 17)

The definition of £” and h,, is identical to what is given in Eqs. (11)
and (12). Comparing Eq. (10) with Eq. (17), it is evident why this
form of EOM can be referred to as the matrix-like Floquet NEGF.
The compact form of M-like Floquet Green’s function reads as

(eI =[] - 2" DG I(E) = [I'): (18)

In the M-like framework, the condition G*(¢',t) = G'(t,#') imposes
8o (&) = ghn(E)T with no shift in the quasi-energy, which, in turn,
leads to [G*F](&) = [GrFl( &) T. Note that in contrast for a V-like
coefficient, g2 ( €) # g4 (&)", and hence, g*F (&) = g F (&)

C. Observable in Floquet NEGF

To explore the transport properties, the expectation values of
two (operators) observables are essential: (1) the number operator
(7)(t) and (2) the terminal current (J)(t). For (#)(t), we shall trace
the two-time lesser Green’s function as (#)(t) = —i Tr (G*(t,t))."
The G*(¢,t') is given by

+oo + oo
G<(t,t’):f dt1/ dhG (4, 1)Z%(h — 1) G (t2,t'). (19)
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The total lesser self-energy is denoted by =< = ¥, =5. For (f)(¢),
we shall trace the two-time particle current as (/)(¢) = Tr (J(£,t)).
We define the two-time particle current per spin passing through
the contact [ as

+oo
Ji(t,t') = / dt2Re(G (1) 2] (1, 1)) + G- (1) (h,1)).

(20)

Note that the above relation 1is equivalent to the
Jauho-Wingreen-Meir expression and valid for interacting
devices."”" In the following (without details of derivation), we
summarize general expressions for Floquet components of these two
observable within the V-like and M-like Floquet NEGF frameworks.

Observable in the V-like Floquet NEGF: The expansion given
in Eq. (14) will be used to expand G</"/* (in terms of g /12y " and
the resulting expressions will be substituted in Eq. (19). Then, we
proceed to derive the matrix coefficients g (). After doing some
algebra, it reads as

(&)= Z Srom(E+mw)2*(E+mw)gn (&)

=3 grm(E+mw)E*(E+mw)gl,,(E+ mw)'.  (21)

In the energy domain, the lesser self-energy is 2;(&)
=iTj(&) fi(E), where T} =2Im(Z]). Here, f;(&)=f(&w) and
#; are the Fermi function and the electrochemical potential associ-
ated with the terminal /. We remind that the Fermi function depends
on the temperature as well.

For the current, we will follow the same procedure with expand-
ing the J;(t,¢’) in terms of the matrix coefficient J; ,( ). Solving for
J1.(E), we arrive at

Jin(€) = 2Re(gn(E)Z7 (&) + 7 (E)Z1(E)). (22)

Observable in the M-like Floquet NEGF: Similar to above, one can
employ Eq. (15) to expand G</*/" and substitute the resulting expres-
sions in Eq. (19). After doing some algebra, we arrive at the following
relation for g, (€):

gm (&) = Zk: & (E)Z(E+ mw)gi (). (23)

For the current, J;(t, t') has to be expanded in terms of the coefficient
matrix J; ., (&) using Eq. (15). Substituting expanded forms of all
components into Eq. (19) and solving for J; ,,, () results in

Jinm (&) = 2Re(ghm(E)E[ (E+mw) + grm(E)E] (E+ mw)). (24)

Equations (21)-(24) may look complex at first glance; however,
these equations can be further simplified when we evaluate the time
averaged of an observable.

D. Time average of an observable

Within the V-like Floquet NEGF framework, the time average
of an observable over one period can be obtained by changing ¢’ to t
in Eq. (14) and performing the time average over one period. Using

ARTICLE pubs.aip.org/aipl/jcp

Eq. (21), the time average of the number operator over one period,
7, in the V-like framework reads as

Fie %ifont Tr (G5(8,1)) = 4[: g—jTr(gE(S))

i [ ‘ZL:; Te (g, (2% (£ + ma)gh (). @5)

In the above expression, we have used the property
ELn(E+mw) =g,(E), and we have also employed the wide-
band approximation as well. We stress that only the central
component (1 = 0) of g* is required to evaluate the time average of
(71)(t) over one period.

Within the M-like Floquet NEGF framework, the time average
of the number operator over one period reads as

memiy [T (g (€)

i [ (o IO6 @) o

Here, [E<F](&) denotes a block diagonal matrix made
of £5(&+ mw). Next, we simplify current expressions. In the
V-like framework, the time average of the current over a period, T,
simplifies as

Ji= %/ont Tr (Ji(t,t)) = [: ‘;TfTr(]Lo(g))
- [T e (are(i(92 (9 < (OT(D)). @)

In the M-like framework, based on Eqs. (15) and (24), the time
average of the current over one period reads as

=% [T ()
- fo ! g Tr (2Re([GF](£)[E71(E) + [GTIE)[E)).
(28)

In the absence of electron-electron interaction, same as in non-
Floquet scenarios, the above relation can be further simplified to a
Landauer-like expression for a two-terminal device as

h= [T i
Ty (&) = Te (1[G 1O IGTT (9)),

(29)

where Ty (€) is the two-terminal transmission function. Here,
[Fl’fl,] is the block diagonal matrix made of F,’/ v

E. Floquet Green'’s function for interacting systems

For interaction systems, we introduce an ansatz for the
M-like Floquet Green’s function related to the equation-of-motion
method.”** We should consider the spin degree of freedom in
the total Hamiltonian, Eqs. (1)-(4), by modifying annihilation
(creation) operators ﬁi(f)/éi(*) - dl(;)/cfi) in which o =1,]. The
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(time-independent) electron—electron interaction, He, is given by a
Hubbard-like two-body interaction as

FIee = Z Ui &Iaai,(;dz&ﬁiﬁ. (30)
1

Here, ¢ refers to the opposite spin of ¢. In case of time-independent
hij (non-Floquet case) and with truncating to double-particle
Green’s function, G?(E) (E is the energy associated with the
Fourier transform), one can obtain a close form for the retarded
Green’s function as

(E[1] - [h] - [Z0])[GS1(E) = [1] + [U][GS"1(E), (31)

(E[1] - [H] - [U] - [Z0))[GEI(E) = [(ns)], (32)

where [U] refers to a diagonal matrix consisting of the elements
{u;}.”” The matrix [(ns)] is a diagonal matrix consisting of occu-
pation numbers (n;s). The occupation numbers are related to the
lesser Green’s functions by

>~ dE <
(nogo = =i [~ 5 Tr (Ga(B)). (33)

In addition, truncating to double-particle lesser Green’s function,
G@<(E), the lesser Green’s functions can be obtained by

(B - (W] - [Zo)[G5] = (VN[ ] + [25[Ge). (39

(E[1] - [h] - [U] - [o)[GS)"] = [Z51[GE ), (35)

where 25 =iY; I (E) fi(E). Equations (31)-(35) provide the sim-
plest improvement to the mean-field approximation for the multi-
level Anderson impurity system. Indeed, Eqs. (31)-(35) draw a
self-consistent procedure. However, (numerically) it can be shown
in weak coupling and low-temperature limits that the assump-
tion (n;s/6) = 1/2 in Eq. (32) [which makes the problem non-self-
consistent] gives a good quantitative prediction on the onsets of
current plateaus (charging effects) related to the Coulomb blockade
phenomenon. However, Egs. (31)-(35) cannot correctly predict the
correct heights of the quantized plateaus or Kondo peak and a better
scheme is required.*

In Sec. II B 2 where we discussed the Floquet transformation,
we saw that the time-independent components of Green’s function
equation turn into fixed diagonal blocks. Here, we extend this obser-
vation to the interacting case, and hence, we expect the following
M-like Floquet version for Eqs. (31) and (32) as

(&' - K] - [EF))[GF] = ("] + [UT) (62, (36)
(& - [ - [UF] - [EFD)GP™] = [(ns)] (37)

In addition, and in the same way, we would have the fol-
lowing expressions for the M-like Floquet lesser Green’s
functions:

(" - ) - [ETDIGT] = [UTIGP T + [£571[GE], (38)

ARTICLE pubs.aip.org/aipl/jcp

(U1 -[W]- U] - [EF DG = 571169 . (39)

We stress that the lesser Green’s function for the interacting
case is different than the non-interacting one. Consequently, the
expectation value of the number operator and the average of the
number operator over one period should follow Eq. (38). However,
the expression for the average current per cycle is identical to the
non-interacting case. It is worth mentioning that the Landauer for-
mula is not correct in the case of interacting systems, and hence,
there would be no Landauer-like expression for the average current
per cycle.

F. Floquet quantum master equation

In the following, we explore two types of Floquet Quantum
Master Equation (FQME) whereby we named (1) Hilbert-Space
FQME (HS-FQME) and (2) Floquet-Space FQME (FS-FQME).
Our starting point for deriving HS-FQME is the well-known Red-
field QME in the Schrodinger picture, whereas we will start from
the Floquet Liouville von-Neumann (FLvN) equation for deriving
HS-FQME.

1. Hilbert-Space FQME

When the Hamiltonian of the system is time-dependent (not
restricted to the time-periodic), the dynamics of the system’s density
operator can be notified by the following Redfield equation:

ap;igt) = —i[Hs(t),ps(1)]

- AwTrB[HSB, I:I:-ISB(t,T),f)s(t)(X)f)B]]dT, (40)

Hsp(t,7) = > EH(D)di(t 1) +dl (1, 7)Ci(x), (41)

where ps(t) and pg are the system and bath many-body density
operators, respectively. Trp indicates tracing over the bath degrees
of freedom. In Eq. (41), éi(r) = Y Vic,éwe' ™7, and it determines
how the bath part of Hsp evolves in the bath’s time scale, 7. Mean-
while, di(t,7) = Us(t,t — 1) d;i U;(t, t — 7) describes the evolution of
the system part of Hgp in which the time evolution operator is
Us(t,t-1)=T exp(—iftiTHs(s)ds) (T refers to the time-

ordering operator). The same definition holds for d ,.T (t, 7). It was
Shirley who first formalized the time evolution operator for the time-
periodic Hamiltonian. The time evolution operator can be expressed
as

(A]s(t’ tO) — Z <n|e—iHS(t—to)|0>einwt, (42)

where |n) (]0)) refers to the nth (Oth) state in the Fourier basis
set. Here, the Floquet many-body Hamiltonian defines identical
to the one-body counterpart as Hg =Yum Hg un —f(mw)&nm in
which Hg i, defines similar to Eq. (12). In general, disassembling
the double commutator in Eq. (40) results in eight major inte-
grands. In addition, having two parts in Eq. (41) results in a total
of 16 integrands. From these, only eight integrands should be con-
sidered (terms in which one of the operators multiples to the
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conjugate transpose of the other). For example, the first and second
non-vanishing terms (dissipators) can be given as

D fwTrB((dei+ dfe))(E (it m) +dl(57)
ij 0
<Ci(0))ps(t) @ pa)dr =3 [ Tra(Clddl(1,7)
L

% G()ps(t) @ pu + dI CCEH () (8, 7)ps (1) ® pu)dr. (43)

For the sake of brevity, we only focus on the first dissipator,
which can be further simplified to

Z /(; TrB(C,Téj(T)f)B ® c?,ﬁ:i;(t, T)[)s(t))d‘r
)

-3 fo (Vs Vi je 7 (e pr) did’ (£, 7)ps (1) ). (44)
ikl
Note that TrB(é;rkélrk'[)B(y)) = f (e 1) 02 8)p. Until now, the
derivation procedure is not far from the non-Floquet QME. How-
ever, complexity in the time dependency of d jT(t, T) requires
Shirley’s Floquet formalism, Eq. (42), as

df(t7) = Y (nle™7(0)d ] (0]e™ s |m)e ", 45)

n,m

To proceed, we shall use the eigenbasis of the Floquet system Hamil-
tonian YTH§ ¥ = AT, in which Y is the rotating operator. Then, the
above relation can be simplified to

% o _ikFr oA iAFra i)t
dJT(t,T) _ Z (n|Ye i TD‘;TEI TYT‘m>el(n m)w, 46)

n,m

where @‘;T = ?T(|O)ﬁj(0|)f/ and we used the property V¥ =1
multiple times. Next, we should consider a basis set {|a)} for the
Hilbert space, which allows us to present elements of the density
operator as pg,(t) = (a|p(t)|b) and turn operators in Eq. (46) to
matrices. In particular, it allows us to work with the (hybrid) Flo-

AF_ A AF
quet basis, {|y)}, such that we can simplify e ™ * D Teld T A matrix
element of this term is given by

AF_ 4 AF _; X
(e—xA TDL;TelA 1) —e 1Qy‘,T(D§T) , (47)
yv PV

where Qy, = (&, - &). A clear separation of the two time scales
(t and ) allows us to perform the time integration over T as

< =0T g _ osle 1+ Q) — iP 1 48

[) e T=n8(ex + Q) — i et ) (48)

Neglecting Cauchy’s principle, P, and employing the energy-

independent wideband approximation, I' =275 Vi Vi, ; results
in the following matrix expression for the first dissipators:

rf o i(n—m)w
> iy (nlYfi(=@) o DY m)d " ps(e),  (49)
irj,l n,m

where o refers to the Hadamard product. We should repeat this
procedure for the other seven non-vanishing dissipators. A more
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compact matrix form of the Floquet QME in the Hilbert space can
then be given as

L~
8‘3—5” = —i[Hs(t), ps(t)] - Z]:l %(d,’d}l(t)ps(t)
+dldy(Dps(t) = dips()d (1) - dlps()du(1)) + hic.,
(50)

where Eﬂ(t) and gﬂ(t) are defined as

dl(t) =Y (nlY fi(-Q) o D} Y |m)e ", (51)
dy(t) = 3 (n]Y fi(Q) o DG YT m)e e, (52)

We stress that within the Hilbert-Space FQME, Ejl(t) and d a(t)
(and their Hermitian conjugates) are time-dependent matrices.
Finally, we can simplify the notation of Eq. (50) as dps(t)/Ot

= ~i[Hs(1), ps(1)] + £ L (1)ps ().

2. Floquet-Space FQME

The LvN equation is the starting point for varieties of QMEs
(e.g., the Redfield QME). For a periodic Hamiltonian, the LvN equa-
tion can be transformed into the Floquet LvN equation, which is very
general and has a long history in the analysis of nuclear magnetic
resonance signals (closed systems).'" The Floquet LvN equation is
given by

(1) _

T4F AF
T LA (53)
H=-YT.eH™ +Nei, (54)
T i A
apm- L f dt ™ H(t), (55)
T Jo
P =2 Tiep™(). (56)

Here, # is an integer in the space [-N,N], I, is the ladder opera-
tor of the order n, N is the number operator in the Fourier space,
and 1 is the identity operator in the Hilbert space. In the matrix
form, L, represents a N x N off-diagonal matrix with ones in its
off-diagonal and N represents a diagonal matrix with the integer
vector {-N, ..., N} placed on its diagonal. The major benefit of the
Floquet LvN equation is that H(t) turns into a time-independent
Hamiltonian H . Note that the operator coefficient p " () is time
dependent, whereas H (" is not. The definition of H ") is consistent
with Eq. (12), and hence, jaad given in Eq. (54) is effectively similar to
those discussed before. Assuming that H(t) is the total time-periodic
Hamiltonian, one can partition H” as

HY = Af ® [y + I§ ® Hp + Hg, (57)

Hg =Y CID;+ He, (58)
i
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where f§ =To®1s and D; =To® d, Then, we can define the
following rotation protocols:

- s A F, a iy i F
Hgs(t) _ etHBtesztHgse zHBte 1Hst’ (59)

p(t) _ elHBtelH tp(t)e—lHBt —IH t (60)
The above rotations follow the transformation to the interaction
picture in the context of conventional QME, but, here within this
version of Floquet QME, we have used Hg /sB- Next, we can take the
(initial factorization) assumption p’(t) = p§(t) ® ps and proceed
just as the conventional QME. This eventually leads to the following
Floquet Markovian relation in the Schrodinger frame:

Op5 (1) _
ot

HS>PS(t) / Trg

<[ [BG (.25 @ ps]dr,  (61)

where Hip(7) = ef"H”eiiH?TI-AIIS:Be’AH”e"HﬁF‘T. Because p§(t) is in the
Floquet space, we can employ the Floquet basis, {|y)}, to present the
elements of the reduced Floquet density operator (Floquet Hamil-
tonian) as p?w =(ylp v) (HSFW(t) = (y|A|v)). After taking the
integrations over 7 and employing a wideband approximation,
we arrive at the following matrix expression for the dynamic of the
Floquet density matrix:

g I,
B [k pl ()] - ¥ (DD

iji,l
+ D" Dyps(t) - Dips(t) D ) -

]lPS (t)

DT,,g(t)fj,) + he.,
(62)

where D} =Y fi(-Q)o D[ Y' and Dj =Y fi(Q) o D; Y'. The
Floquet- space FQME is thus easier to be implemented as compared
to the Hilbert-space FQME. The disadvantage of Floquet-space
FQME is that it requires more memory since all its components
are in the Floquet space. Finally, we can simplify the notation
of Eq. (62) as dpk(t)/0t = —i[Hs,pIS:(t)] + Y, L1°p5(t). Note that
L} is time-independent.

G. Observable in Floquet QME

Within the Hilbert-space FQME, it is straightforward to obtain
the expectation values of the particle number, (#), and current
passing through the contact J, (J;),* as

(A)(t) = Tr (Ap(t)), (63)

() =Tr (AL (O)p(1)). (64)

To evaluate the expectation values of an observable in the Floquet-
space FQME, we need to project the operators from the Floquet
space to the Hilbert space'’ as

ay(t) => Tr({m

atp(1)|0)e™ ), (65)
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At LT (1)]0)e™ ). (66)

(1) =3 Tr((m

To evaluate 7 and J; in both Floquet QME methods, we must eval-
uate the time average of observables, O(t), numerically by using

= 1/T[0 O)(t)dt.

I1l. NUMERICAL RESULTS

To demonstrate the implications of light-matter interactions
on the transport characteristics of an open quantum system and to
examine agreement between the discussed methods (V-like Floquet
NEGF, M-like Floquet NEGF, Hilbert-space FQME, and Floquet-
space FQME), we have first taken a spinless two-level quantum dot
placed between two metallic contacts.

This two-level dot then interacts with monochromatic light.
The one-body Hamiltonian of such a quantum dot can be given by

(r](1) =

&1 A cos (wt)] 67)

A cos (wt) &

where w is the frequency of light and A represents the light inten-
sity. The off-diagonal elements on the above Hamiltonian represent
the dipole approximation in the context of light-matter interactions
(Rabi model in quantum optics). This Hamiltonian is connected to
the left (right) contact with a small I';(z) (weak coupling regime). The
schematic of such a configuration is shown in Fig. 1.

A. Results for Floquet NEGF methods

As the first example, we calculate 7 and J;, (current passing
through the left contact) using Egs. (25)-(28) for a range of external
bias, Vsp = U — Ups and multiple light frequencies. Except N, other
parameters will be in eV units, and we will omit the unit for simplic-
ity. Hereafter, we will fix the right contact (drain) at g, = —0.4 and
sweep over 4, . Note that in Floquet NEGF methods, care should be
taken in choosing the energy steps. In the absence of the Floquet
driving (light), and when off-diagonals of [h] are zero, there should
be only two plateaus on 71—y, and J-y; curves such that the onset
of these two plateaus is at £; and &;. When A is large enough and
the frequency of light is tuned to the difference between two levels,
hw = & — &1, the maximum alteration of the quantized steps will hap-
pen such that the number of plateaus is doubled. This is shown in
Figs. 2(a) and 2(b). The extra quantized plateaus can be the hallmark
of an electron-photon hybrid state (Floquet states).

Floquet quasi-levels

Ui Metal

HR

Source Drain
I—| | ER— |

FIG. 1. Schematics of a quantum transport system comprised of a two-level system
under light illumination. The two-level system with monochromatic light can roughly
be thought of as multiple quasi-levels.
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FIG. 2. Floquet NEGF: (a) One-period time average of the number operator, n, and
(b) one-period time average of the left contact’s current operator, J;, for multiple
driving frequencies. The parameters are as follows: ¢1 = —0.1, &, = 0.1, A= 0.1,
N =3, kT = 0.0036 (4.2K), I, = Tr = 0.0025, and p, = —0.4.

In extreme off-tuning situations (associated with iiw = 0.05 and
hw = 0.4), the transport characteristics should be almost identical to
the non-Floquet transport characteristics. We can see it from the first
and last curves in Figs. 2(a) and 2(b).

At low frequencies, the M-like Floquet NEGF does not pro-
vide accurate results with only N =3 and N has to be increased.
Hence, V-like Floquet NEGF delivers a better numerical perfor-
mance in low frequencies. Next, we fixed the driving frequency at
hw = 0.2 and calculated the two observables for a range of external
bias, 4, and multiple driving amplitudes, A. The results are plotted
in Figs. 3(a) and 3(b). Here, we can see that the driving amplitude
A shifts the onset of plateaus symmetrically around the center of
energy between ¢, and &. Comparing evaluations in Figs. 2 and 3,
with respect to increasing fiw (light frequency) and A (light inten-
sity), we can see that increasing A splits the heights equally into two
steps (see small dents in the curves of A = 0.025 in Fig. 3) and shift
the onsets of newly born steps, whereas increasing fiw modifies the
heights linearly.

B. Results for Floquet QME methods

We now use the spinless many-body operators c?/ d' to make
the time-dependent many-body Hamiltonian and its Floquet coun-
terpart. Then, by identifying the many-body basis set, an initial state
(initial many-body density matrix), and the Fourier space (hence

ARTICLE pubs.aip.org/aipl/jcp
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FIG. 3. Floquet NEGF: (a) One-period time average of the number operator, n, and
(b) one-period time average of the left contact's current operator, J;, for multiple
driving amplitudes athw = 0.2. All other parameters are the same as Fig. 2.

the many-body Floquet space), we will be able to perform dynam-
ical solutions to Egs. (50) and (62). Afterward, we can evaluate the
time averages of the observables, Eqs. (63)-(66). Note that we have
used the Runge-Kutta fourth-order method to solve Floquet QME:s.
The time step has to be adjusted carefully. The rest of the parameters
are the same as what is given in Fig. 2. Here, we consider the per-
fect tuning case, fiw = 0.2, with the amplitude A = 0.1. The dynamic
of the total population on the dot, (71)(t), calculated by the Hilbert
space Floquet QME (HS-FQME) and Floquet space Floquet QME
(FS-FQME) methods is plotted in Figs. 4(a) and 4(b), respectively.
For the initial state, we have considered both levels to be empty at
t = 0. Interestingly, we can see a pronounced oscillation in (71)(t)
of the FS-FQME [Fig. 4(b)] in the short-time limit, whereas the
dynamics of HS-FQME [Fig. 4(a)] does not feature such an oscil-
lation in the early times. Both Floquet QME methods converge to
a similar steady state on the long-time limit (marked by dashed
lines), resulting in similar time averages for the expectation values
(see Fig. 5).

In Figs. 5(a) and 5(b), we compare the average current calcu-
lated by HS-QME and FS-QME with each other as well as with
the V-like Floquet NEGF (V-FNEGF) and M-like Floquet NEGF
(M-FNEGF) methods for two different driving frequencies. For
the small T, we can see a quantitative agreement between the four
methods. This agreement is one of the main results of this work.
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FIG. 4. Floquet QME: (a) Time-dependent expectation value of the number operator evaluated by the Hilbert space Floquet QVE (HS-FQME) for a few of external biases.
(b) Same as (a) evaluated by the Floquet space Floquet QVE (FS-FQME) athw = 0.2. The other parameters are the same as Fig. 2.
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FIG. 5. (a) One-period time average of the left contact's current, J;, athw = 0.2
for the HS-QME, FS-QME, V-FNEGF, and M-FNEGF methods. HS-QME and
FS—-QME are corresponding with Figs. 4(a) and 4(b), respectively, while V-FNEGF
and M-FNEGF are corresponding with Fig. 2. (b) Same as (a) forhw = 0.1.

The edge of current plateaus is smooth in Floquet NEGF methods,
which indicates that Floquet NEGF methods can capture broaden-
ing effects, whereas Floquet QME methods maintain their disability
to incorporate broadening effects. Note that we have found that

both Floquet QMEs require much smaller time steps as compared to
the non-Floquet QME. However, in comparison, the HS-FQME is
less sensitive to the smallness of the time step than the FS-FQME.
Our extensive numerical examinations show also that FS—-FQME
requires a larger N for larger I's. Nonetheless, the four methods agree
with each other by choosing the appropriate N and the time/energy
step.

C. Results for Floquet driven interacting system

We now focus on the interplay between the Floquet driving
and the strength of electron-electron interactions first by using the
HS-FQME method. In Fig. 6(a), we show the current characteristics
of the two-level spin system when subjected to a Floquet driv-
ing in the absence and the presence of multiple electron-electron
interactions.

Here, we have considered the dipole approximation to drive
both spins in the same way. For the non-interacting case, ui;
=0, having two spins, obviously, results in the degeneracy factor
2 on the observed plateaus. We can see that there is an inter-
esting interplay between the interaction and the Floquet driving
interacting cases. Here, with the real value A, we would not have
spin polarization, as can be seen from Fig. 6(b), where we have
shown spin-resolved time average current only for two values of the
electron-electron interaction. Floquet driving produces finer quan-
tized plateaus (in the averaged current) in the presence of smaller
electron-electron interactions. Once u1, > hw, the interacting effect
dominates such that the two lowest plateaus become flat again; see
the curve of ui, =0.25 in Fig. 6(a). Next, in Fig. 7(a), we have
explored the degree of agreement between the Floquet HS-QME
(FQME) and Floquet interacting NEGF (FINEGF) by comparing the
averaged current for a strongly interacting regime (u; > & — €1) with
u1 = 0.3. Here, FINEGF refers to a combination of Egs. (36)-(39)
and (28), whereas FQME refers to Egs. (50)-(52) and (64). For
reference, the current characteristics of the non-driven interact-
ing QME"" and interacting NEGF (INEGF) are also plotted against
each other in Fig. 7(b). Figure 7(a) illustrates how driving sub-
stantially alters the transport characteristics even in the presence of
strong electron-electron interaction. Importantly, in the presence of
relatively strong electron-electron interaction, the onset of driven-
induced quantized plateaus is consistent between the FQME and
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FIG. 6. Floquet QME for the interacting case: (a) One-period time average of
the total left contact's current, Ji4 + Jiy, at hw = 0.2 in the absence and the
presence of multiple electron—electron interactions. Here, T = 0.005, and other
parameters are similar to Fig. 2. (b) The spin-resolved of (a) only for two values of
the electron—electron interaction.

FINEGF approaches. However, the simplest Floquet NEGF for an
interacting system fails to predict the correct height for each cur-
rent step. Figure 7(a) demonstrates that unless the height of the
current is the focus of a numerical simulation, the ansatz given by
Egs. (39)-(42) delivers a satisfactory outcome, despite the fact that it
is not a self-consistent method.

D. Interacting system with a complex Floquet driving

Finally, we consider a case in which the Floquet driving is
a complex time-dependent function. In Fig. 8, we have plotted
the spin-resolved time average current for two Hamiltonian mod-
els in the presence and absence of the electron-electron interac-
tion. In model 1, the one-body Hamiltonian for both spin-up and
spin-down, [h]4,, (), is identical and is given by

&1 A(cos (wt) +i sin (wt))

A(cos (wt) —i sin (wt)) & (8)
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FIG. 7. Comparison between the results of QUE and NEGF for an interacting case:
(@) Average current on the left contact evaluated by Hilbert-space Floquet QME
(FQME) and Floquet (M-like) NEGF (FINEGF). (b) Same as (a) in the absence of
driving. Here, T' = 0.005, hw = 0.2, and other parameters are similar to Fig. 2.

In addition, we have considered A = 0.1/\/2 (to keep the total
power of the incident light similar to the previous examples). How-
ever, in model 2, we take [h],(¢) = [h]1(¢)". These complex driv-
ings can represent different (circular) polarizations of the external
light.

Interestingly, we can see that the complex Floquet driving
in model 2 results in a voltage-dependent polarized current; see
Figs. 8(c) and 8(d). This shows that the polarized light can introduce
spin current without any spin-orbit couplings. In addition, model
1 does not make a substantial modification to the current charac-
teristics as compared to the non-Floquet case; see the trivial small
dents in Figs. 8(a) and 8(b). In Fig. 8(b), we can see that the num-
ber of major plateaus doubled such that the onset of the second
plateaus (charge quantization) shifts by the values u;, in respect to
the plateaus in Fig. 8(a). The height ratio between the first and the
second plateau is almost 2:1 consistent with the non-Floquet case.”’
One can also see that the interplay between the electron-electron
interaction and the Floquet driving in model 2 affects the spin-up
and spin-down currents in different ways.
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FIG. 8. One-period time average of the left contact spin-up, 31, and spin-down, :Il, currents, at hw = 0.2 in the absence, uq, = 0.0, and presence, u1o = 0.1, of the
electron—electron interaction for two complex Floquet driving models. (a) and (b) use model 1 in which Floquet driving for spin-up and spin-down are the same as given by
Eq. (68). () and (d) use model 2, in which [h], (t) = [h];(t)*. Here, A = 0.1/5/2, T = 0.005, and the rest of the parameters are the same as Fig. 2.

IV. CONCLUSION

In the present work, we have derived four full Floquet-based
formulations for quantum transport through a time-periodic dot. In
particular, we have shown that the two Floquet Green’s function for-
malisms rely on the expansion of Green’s function, the first Floquet
quantum master formalism, HS-FQME, relies on the Floquet time
evolution operator, and the second Floquet quantum master formal-
ism, FS-FQME, relies on expanding the Hilbert space to the Floquet
space. In addition, we have connected the equation of motion for
each formulation to the time average observables. Through a quan-
tum dot model Hamiltonian, we quantitatively demonstrated that
all Floquet quantum transport methods have good agreement with
each other for non-interacting Hamiltonian in the weak coupling
regime. The frequency and amplitude of time-periodic driving can
significantly manipulate the time average of observables. We have
found that an intense light can shift the one-set and the num-
ber of quantized plateaus in the voltage-current curve provided
choosing an appropriate light frequency. For a spin system with
the electron—electron term, Floquet driving results in tiny quan-
tized plateaus. However, if the electron—electron interaction strength
exceeds the Floquet driving energy, then the first charging quantized
plateaus will survive. In addition, we show that a certain complex
Floquet driving can result in a polarized time average current. As a
drawback (even with parallel computation), we found Floquet quan-
tum master equation frameworks and in particular Floquet space
Floquet QME to be computationally expensive. We also found that
Floquet QME methods need much smaller time steps compared to
the conventional QME. As usual with QME, when the lead-dot cou-
pling or temperature decreases, the number of time steps has to

be increased. While the QME is a practical method for interact-
ing systems in the weak regime, it is computationally challenging
to employ the full Floquet quantum master equation formalisms
for large many-body systems. We believe that the power of Floquet
NEGF and Floquet QME methods goes well beyond the consid-
ered example and one needs to combine Floquet QMEs with newly
developed machine learning methods to fully benefit from them.
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