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Motivated by the quest for experimentally accessible dynamical probes of Floquet topological insulators,
we formulate the linear response theory of a periodically driven system. We illustrate the applications of this
formalism by giving general expressions for optical conductivity of Floquet systems, including its homodyne
and heterodyne components and beyond. We obtain the Floquet optical conductivity of specific driven models,
including two-dimensional Dirac material such as the surface of a topological insulator, graphene, and the
Haldane model irradiated with circularly or linearly polarized laser, as well as semiconductor quantum well
driven by an ac potential. We obtain approximate analytical expressions and perform numerically exact
calculations of the Floquet optical conductivity in different scenarios of the occupation of the Floquet bands,
in particular the diagonal Floquet distribution and the distribution obtained after a quench. We comment on
experimental signatures and detection of Floquet topological phases using optical probes.
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I. INTRODUCTION

Optical properties of solids are widely studied, both exper-
imentally and theoretically [1]. As a result of its interaction
with light, quantum properties of matter, such as its con-
ductivity, can be modified, thus enabling optically activated
devices [2-6]. Beside such device applications, the optical
response of material provides a powerful way to probe the
quantum states of electrons and their excitations in spatially
periodic potentials. This response is well understood when the
light intensity is sufficiently weak to be treated perturbatively
within the framework of linear response theory. In particular,
the Kubo formalism connects the equilibrium electronic band
structure to various linear response coefficients, such as opti-
cal conductivity [7].

Recently, the effects of strong light-matter interaction have
come to the forefront of materials research. In particular, it
was understood theoretically using the Floquet theory of pe-
riodically driven systems, and shown experimentally, that the
electronic bands in the material can themselves be modified
under the intense field of light. In this way, new electronic
phases, such as quantum Hall states in graphene, have been
proposed to be produced dynamically out of equilibrium
[8-15]. For example, time-resolved spectroscopy of surfaces
of topological insulators under intense laser has shown mod-
ified Floquet-Bloch bands consistent with the predictions of
Floquet theory [16].

The modification of bands leaves a trace in a vari-
ety of physical properties, such as transport coefficients
[8,10,13,17-27] and quantum noise [28-30], thus allowing
its detection. However, spectroscopic measurements are con-
strained in what they can probe or how readily they may be set
up while the system is externally driven. Thus, it is desirable
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to have a larger toolbox of probes of the Floquet-Bloch bands.
In this toolbox, the optical response of the system stands out
since it can detect not only the dynamical modifications of
the bands, but also their bulk topology, for example in the DC
limit of the optical Hall conductivity [18,31,32].

In this paper, we extend the equilibrium linear response
theory to the Floquet theory of a strongly driven system out
of equilibrium, which is probed by a weak external potential.
We show that even in this linear-probe regime, the strong
driving of the system results in a response not only at the
frequency of the probe but at all its harmonic displacements
by the frequency of the drive. Thus, probing a system driven
at frequency 2 at a probe frequency w produces a signal at
o+ n2, n € Z. Our theory greatly expands the existing liter-
ature [19,33] by naturally incorporating not just the homodyne
(n = 0) but also the heterodyne (n = 1) response [34-36] as
well as all higher harmonics of the drive.

We provide a general expression for Floquet optical con-
ductivity tensor, elucidate its optical sum rules, and present
analytical expressions in the DC limit. We illustrate the struc-
ture of this optical response in specific models through ana-
Iytic and numerical calculations. We recover previous results
for quantization of the homodyne optical Hall conductivity
in the DC limit in terms of the Chern number of occupied
Floquet-Bloch bands [18]. Moreover, we show that the hetero-
dyne optical conductivity also detects the Floquet topological
transitions in the DC limit as a singular enhancement at the
transition.

The paper is organized as follows. In Sec. II, we present
the general theory of linear response of a periodically driven
system using Floquet theory. In Sec. III, we use this theory to
give a general expression for the Floquet optical conductivity
and obtain its DC limit. In Sec. IV, we present analytical
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expressions in the high-frequency limit for the optical con-
ductivity of a general two-band model and illustrate its utility
for a driven Dirac cone. In Sec. V, we present numerical solu-
tions for the homodyne and heterodyne optical conductivity
tensor of two-dimensional periodically driven models [36].
We conclude in Sec. VI with a discussion. Some details of
our calculations are given in the Appendix.

II. LINEAR RESPONSE IN FLOQUET FORMALISM

A. Primer on Floquet theory

Using the Floquet theorem for a periodic Hamiltonian
H(t) = H(t + T) with period T = 27/, the evolution oper-
ator U(z, 1y) = Texp [—i ft[t) H (s)ds], where Texp is the time-
ordered exponential, can be decomposed as [37,38]

O(t,19) = e 0@, 19), M
into a periodic micromotion operator

O, 1) =Dt +T,10) = &t 10+ T)
= " 1¢a (1) (o). )

and the evolution under the Floquet Hamiltonian

Hr(t) =) € |6a(0)) (¢a @), 3

with quasienergy eigenvalues €, (independent of ¢), both
written in the basis of periodic Floquet states |¢,(¢)) =
|¢po(t + T)) that are solutions of the Floquet-Schrodinger
equation,

(A1) = i0,] |a(t)) = €q a(0)) . “)
This structure can be formalized in the extended Floquet-
Hilbert space [39-41] % = # ® ., where J is the usual

Hilbert space and . is the auxiliary space of periodic func-
tions spanned by an orthonormal basis |t) = |t 4+ T') with

)y =8¢t —1') = ZS(: —1t' —pT) (5)

peZ

and foT |t)(t|dt/T =1, the identity operator in .#. Equiva-
lently, we may define an orthonormal Fourier basis

T
n) = / e "M Ydt /T (6)
0

for n € Z with (n'|n) = 8uw, D, IN)(n| = I. A periodic state
|¢p(t)) € S can be “lifted” to

o) = o)) @ t) € F. @)
We also define a set of Fourier states
Bu) =D 16"™) & In) € Z, ®)

where the Fourier components
T
6™) =f " |¢(1)) dt /T ©))
0

Then, [¢) = 3=, ¢ ).

For a periodic operator Ht)=H@t+T) acting on 7, we
define

T
A N d N
A =/ AO®INGE = YA e, (10
0 n.m

acting on .% with Fourier components
A" = /OT ™Y A (t)dtT. (11)
The Fourier shift operator /i, |¢n) = |@nrm) is given by
fn=1® fOT [)e™ ¥ (¢|dt)T. (12)

We also define a time-derivative operator

Zi =18 ) InnQl, (13)

with the action

2: 1) = i 1(d/dt),)
T
= / MU id |p(t)) /dt] ® |t)dtT. (14)
0

The Floquet-Schrodinger equation in this extended space
takes the form

(ﬁ - 21‘) |¢atm>) = €am |¢o¢m» s (15)

where |¢g,) form a complete basis for %, and €y, = €, +
mS2 with quasienergies €.

Finally, we note that in the extended Floquet-Hilbert space,
we can represent the Floquet Green’s function

G)=(@-H+2)" = lim > - _"Z“’”ﬁ i‘fgzml ot

(16)

Back in the Hilbert space .7, we have the Fourier components

G (w) = 0|G(w)|n)

(m)\ ( 4 (m~+n)
i 3 O an

=0+ 4= w— €y —mU+in

B. Floquet linear response theory

We formulate the linear response of the driven system
in a manner parallel to the linear response theory of an
equilibrium system by taking the total Hamiltonian A (r) =
Ho(t) + Hey(t), where Hy(t) is the periodic Hamiltonian of
the driven system and the probe Hamiltonian

Hexi(t) = lim MDA, (18)
n—0*

with A(r) the (possibly time-dependent) probe field, is slowly
turned on in the distant past, + — —oo, with the strength
A(t) = ke™™" at probe frequency w, as depicted in Fig. 1.
Now we assume a general initial density matrix po(fy) (not
necessarily thermal) at some initial time 7. Then, the expec-
tation value of an arbitrary operator B(z) is given by B(t) =
Tr[p(¢)B(t)], where Tr is the trace over the many-body Hilbert
space. The change in B due to the external field is

8B(t) = Tr[p(t)B(t)] — Tr[po(t)Bo(t)], (19)
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FIG. 1. A representation of the component of the dynamical
response. Starting at time #,, the response of the periodically driven
system with Hamiltonian Hy(t) = Hy(t + 27 /) at a later time ¢ >
to is measured in linear order with external perturbation ﬂexl(t) =
H.q(t + 27 Jw). The perturbation is switched on adiabatically long
before t;.

with the index O indicating the absence of the external field.
The linear response is given in terms of the susceptibility

8B(t)
S |y’

xpalt, 1) = (20)

In the following, we shall assume all operators can
be expanded in a single-particle basis, e.g., the fermionic
creation operators 6; with k the lattice momentum in
the first Brillouin zone and @ some internal degree of
freedom (spin, sublattice, band index, etc.), as I-?o(t) =
> ke G [Ho(k, 1)],,,6,, - For brevity, we will drop k and treat
the operators as matrices in the single-particle basis (diagonal
in k), with the trace shown by tr. We work in the natural units
h=c=e=1.

In order to carry out this calculation, we define an interac-
tion picture via the unperturbed evolution operator Uo (r,10) =
Texp[—i f Ho(s)ds], so that p!(t;19) = U (t, 1) P Uy(t, 10).
Thus,

d N
i—p'(t:10) = [HL (t:10), ' (t:10)], 1)

Jat

whereH (3 t0) = U (t, 10)Hext(1)Uo (2, to). Therefore, to lin-
ear order

Pl (t:10) = olto) — i / [ (00, pot)]ds.  (22)

4]

where we used p’(t;t9) = po(to). Writing the operators such
asB=>" v H[B] uvC, 1n the single- partlcle basis and defin-

ing the Green’s function go,, = Tr[po(t)C], ¢, ¢,] in Eq. (19),

we have

8B(t) = i/ tr{go[Hl((s3t0). B! (t:10)] }ds + tr[godB' (t510)],

Io

(23)

where the single-particle matrices in the interaction picture
are defined as B/ (t;19) = U' (¢, t))B(t)U (¢, tp) with U (¢, 1p) =
Texp[—iflfJ Ho(s)ds], and §B' = B! — Bl is the change in the
response field itself up to linear order in the probe field. The
susceptibility can now be written as

Xpa(t,1'319) = lim " [iO(r — ttr{golA (s 10), B' (t510)])
n—0F

+8(t — tr{goM’ (t;10)}], (24)

where M!(t;ty) = 8B (t;19)/81(t)|;—0 and we have assumed
' > 1.

So far, our development applies to any time-dependent
Hamiltonian dynamics. Now, we use the Floquet decompo-
sition of the evolution operator U(t,ty) to write B (t;ty) =
DT (¢, to) [ TOHFOB(1 )~ —OHF O] D (¢, £y). Thus,

(o (10)| B (t510) |¢p (t0)) = BLg(t)e " ~0)s =) (25)

with the time-periodic matrix elements,

Bly(t) = (¢a ()| B@) [pp()) = Y e ™ By, (26)

In the extended Floquet Hilbert space, we have

BL"™ = (Gunl B ) - @7

Therefore, the matrix elements of the operator in the interac-
tion picture are

(¢a(t0)| B' (t;10) 195 (t0))
= )" (Guol Blgpn) e " HeT TG (28)

m

The susceptibility can be viewed as a function ysg(t, T; 79)
oft =t —1t',79 =t — tg, and a periodic function of ¢. The de-
pendence on 1 is a consequence of assuming that the density
matrix at the initial time ¢, is arbitrary. If this initial matrix
is diagonal in the Floquet basis, the dependence on 7y will
drop away. Alternatively, if we average over this initial time
for a fixed initial density matrix, only the diagonal elements
of the density matrix will contribute to the susceptibility. The
temporal structure of the susceptibility makes it possible to
define its Fourier components,

n 1 T in iwT
X s ) = = / dr / deem @y i), (29)
0
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Using the Floquet matrix elements in Eq. (28), we find

W inter—ertin (Dp—nl Aldym) (Syml Bldao)
;70) = 1 ’ ’ 20 _
Xap (@5 T0) ng& aXﬁ:gO pe |:Z ( w+ (€g — €, —mQ) + in

ym

(@0l Bldym) (byml A |¢an>>>
— (g —€, —m) +in

+ (g0l M |¢un) (30)
We can also write this more compactly using the Floquet Green’s function (16) as
Xin (@70) = Y goape” ™ (pol AG(w + €4 + 1) B + BGT(—w + €5)A + M |fun) - 31)

af

We note that the reality of x45(¢, T; Tp) imposes the condi-
tion Xf‘;") (w;19) = XX;; (—w; 19)*. Moreover, since the right-
hand side of Eq. (30) is an analytical function of w in the upper
half of the complex plane (all the residues are in the lower
half by virtue of 1 > 0), the Floquet susceptibility satisfies
the Kramers-Kronig relations

00 ('l)
~(n)(a)) _7) / AB (CL) ) , (32)
o — w
where P f is the principal value of the integral and

o) = )~ e
. Xf(xﬂ)(w) . Zgoaﬂe—iro(ea—eﬂ) «¢50|M | Pan) -
af

(33)

III. FLOQUET OPTICAL CONDUCTIVITY
A. General expression

In the specific case of optical conductivity, the probe field
is the current and with the strength proportional to the electro-
magnetic gauge potential, A, which enters the Hamiltonian
through minimal coupling k — k — A. Here, A = Ay + A
may contain both a drive and the probe fields. The external
Hamiltonian has the form Hex, = —jo - A, where the current

9H,

K (34)

Jo=lJlasa, =

k—k—A,
The full current operator to linear order is j = jo + moSA,
where the Hermitian matrix

aj
A

82H0

e (35)
ana,  Okdk

Mo =

k—k—Ag

is the inverse effective mass tensor of the original Hamil-
tonian, and the term proportional to it is the diamagnetic
contribution to current.

The Fourier transform of the current is related to the probe
field,

Sj(wi0) = Y g (@ — nQ: 10)8A(w — nQ)

= Z 0" (w — nQ; 19)E(w — nQ), (36)

(

where §E(w) = iwSA(w) is the probe electric field, and we
have defined the Floquet optical conductivity,

(n) .
(i 79) = L 22T0), (37)
116]

So, unlike the equilibrium response, now the optical current
at frequency w responds to the field at w — nQ2 with the
weight 7" (w — n; 79) for all n € Z. For a monochromatic
probe field, SE(w) = E,,6(w — @p), we have §j(w; 1) =
>, 0™ (wo; 10)8(w — wy — n2)]E,,. Thus, 6™ (w; 19) is the
component of optical conductivity at frequency w + n€2
in response to the field at w. As a function of time,
we have 8j(t) = o(wo, 1;70)SEy e " with o(wy, 1; 7)) =

L, € M6 (w3 79); so, for fixed (or averaged) To, the cur-
rent shows periodic oscillations with the drive frequency
enveloped in the probe frequency.

The occupation of Floquet bands given by go, is not fixed
in our formalism and depends on relaxation processes not
considered here [42,43]. In the following, we assume only the
diagonal elements of the density matrix in the Floquet basis
contribute to conductivity, either because the density matrix is
diagonal or assuming we average over the initial time. Then,

(Donl T4 1Dym) (Dym 15 Iba0)
uv(n) = 0¥y )4 0
o (w) = 2800[[;( o+ (€4 — €, —mQ) + i0F

(Dol Jt Ibym) (byml i |¢m>>) N mum}’

W — (€ — €, —m) + i0F Oaa

(38)

where u and v are spatial directions. Using the Green’s func-
tion defined in Eq. (16) one can also write

uvin l k A A-v
" (@) = =} gou (baol J5G(@ + e + 1) ]y

+ 3G (o + ) i+ M 1dan) . (39)

Like the general susceptibility, Floquet optical conductivity
satisfies the reality condition

o (w) = 0" (—w)*. (40)
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B. Floquet optical sum rules

The Floquet optical conductivity satisfies the general sum
rule,

! / N o (w)dw = (m™), (41)
T J-co

where the expectation value on the right-hand side is the same
as tr[gom™]. Using the reality condition, we may also write
this as

% / oo[o“”(w) + 0 (w) ldw = (m™). (42)
0

The sum rule can be obtained in the usual way [44,45] from
Eq. (37), o (w) = [F™(w) — (M™)]/(iw), and the Kramers-
Kronig relations (32) of susceptibility . The integral over fre-
quency is defined in the limit @ — w + i0", which maintains
the poles of the susceptibility in complex frequency in the
lower-half plane. Then, using (o + i07)™! = Po~! — ind(w)
and P [ %“’ = 0, we have

1 [ 1 00 &(n) —{(m®
_/ qj<n>(w)a]w — ._7)/ Mdm
T J (54 oo w

— [7"™(0) — (m™)] (43)
= (m™). (44)

C. Relation to Berry flux and Chern number of Floquet bands

Equation (38) can be understood as the spectral amplitude
of excitations from side band —n to the central FZ and from
the central FZ to side band n via virtual states |¢, ) in side band
m. This is quite similar to the form of optical conductivity
for a time-independent unperturbed Hamiltonian, except that
one now needs to take account of FZ side bands. As in the
time-independent case, we may seek a relationship between
the DC Hall conductivity and the Chern number of the bands.
In particular, setting n = 0 and taking the DC limit @ — O,
we find

Oxy(o)(()) Z ¢a()| Jz |¢_yn;>) «_‘b;;:gz)fzo |Pa0)
aFy.m 4
— {x o yh 45)

The divergent 1/w terms vanish in the DC limit for the off-
diagonal Hall conductivity (see the Appendix for a proof).
When the Floquet bands are either fully occupied or empty,

J

this is the TKNN formula [46] that relates the DC Hall con-
ductivity to the Chern number of the occupied bands |¢y0),
if j is the current associated with the Bloch Hamiltonian
of these bands, i.e., j2 g Z, This is in fact the case: J =
8H/8k = 8(H Z,)/Bk since Z, is independent of k.

To gain a better understanding of this quantization, we note
that for any parameter s,

(Do (DI [0:H ()] |y (1)) = (€, — €a +i0;) (Ba ()| 05y (1))
+ (05€0)8ary - (46)

Therefore, we can express the matrix elements of the current
operator

(Baol T4 1Bym)

1 .
= / e (o (1) B, H(t) |y, (1)) dt
0

_ey+mQ—ea
- T

= —i(e, +mQ —&)[r", 1", 47)

T
/0 MY (¢ (1), B, (1)) dt

where we have defined the Fourier components of the ele-
ments of the “position” operator r* = id,, which furnishes
the time-dependent Berry connection for the Floquet bands.
Then,

OO0 = —i Y gou[rey ™ = g @8)
yF#a,m
=3 g, (49)

where the Berry flux

Fok,t) = a1’ (K, 1) —

X oo xC(Dt

Toa (K, 7). (50)

Here, we are showing the dependence on the momenta explic-
itly for clarity, so « labels the bands and not their momenta.
When the Floquet bands are fully occupied or empty and go,
is independent of k, we find 0@ = ;L 3" ¢0,C, with the
Chern number C, = % f Fa(o)(k)d k. Since the Floquet states
at different times are unitarily related by the micromotion
and Floquet spectrum is constant and gapped at all times,
the Chern number C,(t) = % f F,(k, t)dk = C, is time in-
dependent.

We also show in the Appendix that the DC limit of Hall
conductivity for Fourier modes n # 0 is given by

(Dao0l T8 1Bym) (Dym] 75 | Pan)

. (Panl J5 1By (Byml T 1bu0) —
@_Xy(n)(o) — g0 0 Y )4 0 (51)
ot;m ’ (Ea &~ mQ)2
x(ner)r( m) + r‘/(m) x(n m)
Q E o s 52
=in 2 £0 - (52)

and that, in the extended Floquet-Hilbert space, this expression can be recast in terms of the Floquet Green’s function in the

form,

GX,V("#O) 0) =

inQY " gou (baol Ok, 0k, Gy + {0k, G
o

O, } |an) (53)
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with G% = 1[G(e, +nR) £ G(e,)]. We note here that a
finite value of this DC Hall conductivity signifies the hetero-
dyne response of the Floquet system, i.e., the presence of a
current at frequency n<2 in response to a DC electric field. We
will show in a specific model that this response can be nonzero
and large.

We should note here that the ideal filling of fully occupied
or empty Floquet bands (i.e., go, = 0 or 1) is not necessarily
obtained in experiments. This depends on the initial condi-
tions at t+ — —oo and on relaxation mechanisms that are not
the subject of our study [42,43,47]. Moreover, the DC limit of
the optical conductivity is not equivalent to a measurement of
the DC conductivity with leads as the equilibrium states in the
leads determine the filling of the Floquet states and reduce the
DC conductivity from its quantized value [20,21,30].

IV. ANALYTICAL RESULTS

In this section, we will first study a general driven two-band
model, with the Hamiltonian

Hy(k,t) =d(k) -0+ V(K) - o cos(R2), (54)

where d(k) specifies the static model with energy bands
+|d(k)| and V(K) is the amplitude of the external drive. In
the following, we will suppress the explicit dependence on
k for brevity. We obtain analytical expressions for Floquet
Hamiltonian, micromotion, and current elements in a high-
frequency approximation [40,41]. We will use these expres-
sions to calculate the Floquet optical conductivity in detail for
specific models of driven systems.

A. Off-resonant high-frequency approximation
Since the drive term commutes with itself at different
times, we map the Hamiltonian to the rotating frame given by
Ug(t) = exp[—iV - o sin(2¢)/€2]. In this frame, the Hamilto-
nian is
Hg(t) = Ug(OH ())U(1) — iU (1)9,Ug(t)
=dg(?) - o, (55)

with
2|V] .
dg(t) =d; +cos ?sm(Qt) d,
. (2IV] . -
+ sin o sin(2¢) Jd; x V. (56)

Here, dj = (d- V)V and d; = d — d; are parallel and per-
pendicular components of d to V and the unit vector V =
V/IVI.

Up to 1/€2 in the high-frequency limit we find the Floquet
Hamiltonian

Hp =HY +Y [
n##0
= dF - g, (57)

Hl(?fn)’ ngn)] + [HIgO)’ ngn) _ Hl(efn)]
2nQ2

with

xd-V
2Q

dr = |:Jo(2|V|/Q) - H()(2|V|/Q):|dL

mld.?

T [d.m Jo(2|V|/sz>Ho<2|V|/sz>]V, (58)
where Jy(z) and Ho(z) are Bessel and Struve func-
tions. The micromotion in the original frame is ®(¢) =

N _

Ur(t)®g(t), where p(t) =expl), .o “g—Hy "1 is the
micromotion in the rotating frame. However, since H,g") l0d
(|dL|/2),2IV]/) < 0(1/9?) for |n| > 0, we have up to
1/, ®(t) ~ Ug(t).

Using these expressions, the elements of the current op-
erator in the spatial direction u can be written as j(f;’(t) =

Y ez (Baol 74 16ym) e ¥ = §7(1) - (ul 0 |¢y), with

Fu _su 2|V| . o
J (@) =jj@) + cos ?sm(QI) Q)

(2V] e
+ sin <? 51n(52t))_h(t) xV, (59)

where |¢,) are the eigenstates of Hp, the current operator in
the original frame is j*() = 9, [d + V cos(€21)], and jj(t) =
() - V)V and j4 (1) = j*(t) — jii(1) are its parallel and per-
pendicular components to V.

B. Resonant high-frequency approximation

Now, we assume the frequency is small enough to satisfy
the condition for resonance, 2/2 = |d|. We will assume that
the frequency is still large enough so that after, say, a single
shift into the first Floquet zone, energy scales are small
compared to the drive frequency.

To obtain analytical expressions valid at and near res-
onance, we employ a resonant high-frequency approxima-
tion that accounts for resonant transitions. First, we switch
to the rotating frame given by Ug(t) = Py + P_e ™ =
expli2t P_], where Py = %[IL +d- o] are the projectors to
the two bands of the static model with energies +|d|. The
Hamiltonian in this rotating frame is

Hg(t) = Ug(OH ()Ur(t) — iU (1)9,Ug(t)

Q
=5 +d(0) -0, (60)
with
dzpt)= 1|1 2 d—l—lV + V| cos(2t)
R 2/d| PR
1 1 A
+ EVL cos(2Q2t) + EVL x d sin(292¢). 61)

Here, V| = (V- dydand V; =V — V, are the parallel and
perpendicular components of V to d. Now, we obtain the
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high-frequency Floquet Hamiltonian,

(—n) () (0) (n) (—n)
H :H(0)+Z[HR HR"] 4 [Hy Hy” — Hy "]
d R 2n2
n#0
Q
=5 +dr -0, (62)
with

dr =|(1 Q—i—
e 2/d|

It is worth noting here that the term %V 1 consists of a

V. |? 173 |d]
= )d+-(2-=)v 63
89|d|> +2<2 sz) L (63)

%V 1 contribution from H,go) and a iV 1 contribution from
commutators [H©, H#2]/2Q, which, nominally, belong to
the next order in the 1/ expansion. However, due to the
resonant shift accounted for in the rotating frame, the H,go)
component contains terms NQ&, which feeds back to the
lowest order. Altogether, this yields the quasienergy bands
£ 4 |dp|, with a gap at resonance 3|V_1|\/1+ (|VL|/4Q)?
[16,48].

The micromotion operator in the original basis is given
by ®(t) = Ugr(¢t)Pr(t), where, a lengthy but straightforward
calculation in the rotating frame, up to the same 1/Q* or-
der in the high-frequency expansion, yields [40,41] ®g(r) =

et _q

exp [Zn;eo - ng ] = explia(t) - o], with

sm(Qt)
at) = [2V) 4+ cos(2t)V | + sin(2t)V | x d]
- 1% sm(Qt) » 64
=g (7). (64)

Here, a(t) = [2V + cos(Q)V + sin(Qf)V | X fl]/V is a
unit vector. We note that the vector form of «(¢), shown in
the square brackets in Eq. (64), consists of a component of
fixed magnitude |V | rotating perpendicular to d, and a fixed
component 2V, parallel to d. Thus, the magnitude of this
vector, V = \/4[V| |2 + [V_|2, is constant in time.

Using these expressions, we find the elements of the
current operator in the spatial dlrectlon u in the Flo-
quet basis as j5(1) = X,.c7 (Baol J§ 16ym) e = §F4(0) -
(Dol 0 |@y) with

v
szl(t) = jl;?ll (t) + cos (5 sin(Qt))j’,‘“u(t)

+ sin (g sin Qt)&(t) X jr @), (65)

where jg, (1) = [jz(t) - &(1)]&(r) and jg, (1) = jr(t) — jg, (1)
are parallel and perpendicular components to « of the current
operator ji - o in the spatial direction u in the rotating frame,

Jr(@) = Jj (1) + cos(S21)j'] () + sin(Qr)d x jU(t),  (66)

and jﬁ(t) = [J*(¢) -d]d and j (¢) = j*“(¢) —jﬁ(t) are, in turn,
parallel and perpendicular components to d of the current
operator j*(¢) - o in the original frame with j*(¢) = 9, [d +
V cos(€2t)]. Here, the Floquet modes |¢,) are eigenstates of
the Floquet Hamiltonian (63). When V is independent of Kk,
the current operator in the original frame simplifies to j* =
dk,d, which is time independent.

FIG. 2. Extended Floquet zones and cutoffs for resonantly driven
Dirac cone. The cutoff /2 < A < Q isolates a single resonance
in the spectrum. The cutoffs Ay < €2/2 at the original Dirac point
and A, <« /2 at the resonant Dirac point select the dominant
contributions to the optical response in each case.

C. Dirac electrons irradiated with linearly polarized light

As our first example, we choose d = v(k, ky, 0) and V =
(V,0,0). This can be taken to represent Dirac electrons
with Fermi velocity v driven by a linearly-polarized laser
field, which is realized in irradiated graphene or the sur-
face of a strong topological insulator. First, we note that
along k, = 0, we may find the full evolution operator U (t) =

o~luka (V) Dsin@Dlox - which yields the Floquet Hamiltonian
Hp = vk,o,. Thus, the original Dirac point remains gapless
and there is also a pair of gapless points at resonance for
k = k* = (£Q/2v, 0) at any frequency. We will see below
that analyzmg this system more generally requires both off-
resonant and resonant treatments of the Floquet states. For
simplicity, we set the bandwidth by choosing an energy cutoff
A such that /2 < A < 2, which ensures there is a single
resonance at k = k, with v|k,| = /2. The extended Floquet
zones and the relevant cut-offs are sketched in Fig. 2.

Using Eq. (58) for off-resonant high-frequency approx-
imation, we find that the original Dirac point becomes
slightly anisotropic with Floquet Hamiltonian Hr = vk.o, +
vJo(2V/Q)kyo,. To obtain the Floquet spectrum near res-
onance, we use the resonant high-frequency approximation
and Eq. (63), noting V| = Vk.(ky, ky, 0)/|K|* and V| =
Vky(ky, —k,, O)/|k|2. We can see that the gap at res-
onance has the magnitude (vk,,V/Q)\/1+ (vk,V/2Q%)%.
This gap is maximized for k = (0, £2/2v) at a value
(V/2)y/1 + (V/4€2)? and closes at k=, as it must. Expanding
around k = k* + q for small |q| < /v, we find two highly
anisotropic Dirac points with the Floquet Hamiltonian Hy ~
Q2/2 + vgiox F v(V/Q)gy0y.

The current operators in the original frame are j*=
v(1,0,0) and j = v(0, 1, 0). The Floquet current elements
can be written as jig = ™ - (¢a| 0 |¢p), where j** are found
from Eqgs. (59) or (65). At the original Dirac point, we find
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j™* =v(1,0,0) and j™ = vcos[(2V/R) sin(22¢)](0, 1, 0) —
v sin[(2V/2) sin(£2¢)](0, 0, 1). The Fourier components are,
thus,

i = v8,0(1,0,0) (67)
ij(n) _ vJ,(2V/2)(0, 1, 0) evenrn, 68)
—ivJ,(2V/2)(0,0,1) oddn.
To proceed analytically, we set an energy limit
v\/kf + [ QRV/Qk, 1> < Ao < /2. After rescaling
JoRQV/Q)ky > ky, we find

)= — 20 g (69)

0 Jo@v/Q)""”

where op = 1/16 is the optical conductivity of a single half-
filled Dirac cone (in units of ¢ /h) [49]. Assuming Ay K €2,
we see that the main contribution to optical conductivity in
Eq. (38) is found when w +=mQ ~ ¢, — €, in the central
Floquet zone. Thus, after some algebra, we find for |w —
mQ| < £

~ 2

g a IV QV/Q) @ — mS
oy ) & g ——~op.  (10)

with ¢, = [3 — (—1)"]/2 for even n. For odd n, a"" = 0.
We note that the factor ¢,, = 2 for odd m arises from the fact
that (k—| o, [k+) = 1 = | (k—| o |k+) |* + | (k—| g, [k+) |7
where |k+) are the eigenstates of Hr with quasienergy
:I:U\/k)% + [Jo(2V/S2)ky]?. For small V/2 < 1, the typical val-
ues of this contribution scale as ng(") ~ (V/Q)2 [(n +
m)!m!m] and vanish quickly with increasing n and m. Optical
Hall conductivity o,” ™ (w) =0 since it involves integrals
over odd functions of k. This is similar to the situation for
a static Dirac cone, as in graphene.

Keeping terms linear in q = k —k* near the resonant
Dirac points, it is easy to see that only current elements
at q¢ = 0 make nonzero contribution to optical conductivity,
since integrals over odd functions of q vanish. The current
elements are

i =0(1,0,0), (71)

J5E = veos[(2V/Q) sin(Qt) £ Q1](0, 1, 0)
+ sin[(2V/€2) sin(2) &+ ©1](0, 0, 1). (72)

As with the original Dirac point, we rescale the anisotropic
momentum (V/)q, — g, to find

01 (@) = bu0rop, (73)
Vv
and 0;>"*(w) = 0. Thus, the anisotropic Dirac point in the
Floquet spectrum can be identified via a large contribution to
the optical longitudinal conductivity in the direction parallel
to the polarization.

To find 07", we proceed again by setting an energy
cutoff v\/q2 + [Vq,/Q]* < A, < /2 and find, after some
algebra, that while for odd n contributions from the two
resonant Dirac points have opposite signs and cancel, they add

up for even n:

02 0) & L Ll VR, 2V /)

w— mS2
w

— Cnrd QV/I,, 2V /)] ———op,

(74)

where J¥(z) =J,-1(2) £J,41(z) and |w —mQ| < §. For
small V/Q <1, some typical values of this contribu-
tion are 0"V (w) ~ (v/Q)op for m = 0 and 0"V (w) ~
%(Q /4V)op for m = £1, which show, respectively, sup-
pression and enhancement by the anisotropy of the resonant
Dirac point. Interestingly, the second Fourier components
o’ E () ~ =30 % (w) for m = +1 is even larger in
magnitude, but higher Fourier components |n| > 2 and larger
|m| > 1 are quickly suppressed.

V. NUMERICAL RESULTS

In this section, we present our numerical results obtained
by exact numerical solutions of the Floquet states as well as
numerical integration of our analytical expressions obtained in
the previous section in more complicated two-band models.
We consider two examples: the Haldane model [50] driven
by circularly polarized light and the driven Bernevig-Hughes-
Zhang (BHZ) model of a driven quantum well [51].

A. Driven Haldane model

As our next example, we consider the Haldane model
[50] driven by circularly-polarized light. Setting the nearest-
neighbor distance on the honeycomb lattice @ = 1 and with
periodic boundary conditions, the tight-binding Hamiltonian
is given by

3

Hy(k, 1) =J ) {cos[k(t) - a;]o, — sin[k(r) - a;]oy
j=1

+ & sin[k(t) - b;lo.} + us0, (75)

where k() = k — A(¢) with the circularly polarized vector
potential A(z) = A(cos 2, sin Q2¢,0), J is the hopping am-
plitude to the nearest neighbors at a; = (cos 0}, sin6;) with
0; = (2j — 1)m /3, and &' is the ratio of the hopping amplitude
with J to the next-nearest neighbors at by = a3 —a, b, =
a, — a;, and b; = a; — a3. Here, the Pauli matrices act on the
sublattice space, and u; is the staggered chemical potential.
We will denote half of the Floquet bandwidth by W, which
is related to J, 8’ and varies with the drive parameters A, Q.
Note that for §' = 0 and u; = 0 we obtain the tight-binding
model for graphene. As is well known, in equilibrium (A = 0)
the Haldane model exhibits nontrivial topological phases: for
example, when 0 < |8'| < 1/3 and |u,/J| < 3+/38’, the bands
have Chern numbers C = =%1.

We calculate the Floquet spectrum in the extended
Hilbert space, as detailed in previous sections. The Fourier
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(a)
0.04f:
0.03} *

< 002
0.01

A A

FIG. 3. Driven Haldane model. Quasienergies close to Floquet
zone center (a) and Chern number of the lower band (b) as a function
the intensity A for ©/J = 9. Changes in the Chern number are
accompanied by gap closings at the Floquet zone center via the
appearance of single or multiple Dirac points at high symmetry or
other points in the Brillouin zones.

components of the Hamiltonian are given by
3
HY" =13 [ (A)o, — X (M), — 2i8'Y " (A)o ]
j=1

+ Ms 8;1002 P (76)

where

1. A A
TWA) = o [6* £ (=1)'e e 10, A),  (T7)
2"

1 . i .
Yj(i)(A) — E[elkib/‘ + (_1)neflk-bj]eme,vjn(\/gA). (78)

The Fourier components of the current operator matrix
elements entering in Floquet optical conductivity are jOFO%) =

Zlm(d;g)|jé"+l_m)|¢g")), where jg’) is the Fourier component
of j(t) = dHy(t)/ 0k, given by

3
i) =) {alirP Ao, + TIV(A)oy] +26,Y L (A)o ).
j=1

(719)

For concreteness, in the following we will fix the values
ws/J =0.2 and 8’ = 0.1, which place the system in equi-
librium in the topological phase. For the driven system, we
set 2/J =9, which is larger than the bandwidth 2W (A = 0),
so for weak driving we expect the Floquet spectra to be
approximately the same as in equilibrium. Figure 3(a) shows
the quasienergies around the Floquet zone center €/Q2 = 0
as a function of amplitude A. For this drive frequency and
the range of amplitudes shown, there are no gap closings at
the Floquet zone edge ¢ = 2/2. Due to inversion symmetry
breaking caused by nonzero u,, the gap at the K and K’
points close at different values of drive amplitude: The gap
at the K point closes first at A =~ (.75, followed by the gap
at K’ near A ~ 1.3. Other gap closings occur near A ~ 2.4
and A ~ 2.5, which involve three points consistent with the
threefold rotational symmetry of the honeycomb lattice.

In Fig. 3(b) we plot, as a function of the drive amplitude A,
the Chern number of the lower band, C_ = % [ F_(k, 1)dK,
as defined in Eq. (50). Changes in the Chern number are
concomitant with gap closings. When the gap closes at a
single k, such as K or K’ points, the Chern number changes by
one caused by the passage through a Dirac cone in the gapless

(a) (b)

80
3 60
= 40
3

< 20

5 20k 20k 2Ay 2
4 :; 0
3 T
BE 2 A=04
2 © -4 —A=10
1 = 6 —A=245
%.o 02 04 06 08 1.0 00 02 04 06 08 10

w/W(A) w/W(A)

FIG. 4. Spectral properties and homodyne optical conductivity
of the driven Haldane model at 2/J = 9. (a) Quasienergies along a
high-symmetry path in the BZ for three different laser intensities,
A=04, A=1, and A =2.45. (b) Density of states A(w) as a
function of probe frequency. (c) Longitudinal conductivity o9 (w)
and (d) Hall conductivity Gég)(w) as a function of probe frequency w
normalized to the quasienergy bandwidth for €2/J = 9. The DC Hall
conductivity agrees with the Chern numbers in Fig. 3(b). The half-
bandwidths are W(A =0.4)/J =2.89, W(A =1)/J =2.30, and
W(A =2.45)/J = 0.52. In panels (c) and (d), the scaling factor
indicated in blue corresponds to the case A = 2.45.

spectrum [14,52]. On the other hand, as mentioned above gap
closings near A &~ 2.5 occur at three points, inducing changes
in the Chern number by 3. As representative case studies, we
will consider three amplitudes below: A = 0.4 corresponding

to C_ = —1 as in equilibrium, A = 1 corresponding to C_ =
0 following the Floquet gap closing at K point, and A = 2.45
corresponding to C_ = —2 in the lower Floquet band.

In Fig. 4(a), we plot the quasienergy spectrum along a
high-symmetry path in the Brillouin zone (BZ) for three laser
intensities. In Fig. 4(b) we plot the average density of states in
a drive cycle [8] A(w) = —%Im Tr[G©(w)], where the Flo-
quet Green’s function is defined in Eq. (17). Now, we calculate
the optical conductivity tensor 0 (w) as defined in Eq. (38),
assuming ideal occupation of the lower Floquet bands, i.e.,
80ap = Sup®(—€4). The results for the longitudinal and Hall
conductivities are shown in Figs. 4(c) and 4(d) for n = 0 and
in Fig. 5 forn = £1.

The structure of peaks and steps in the response can
be understood as arising from particle-hole excitations near
van Hove singularities, which in our particle-hole symmetric
spectrum is equal to twice the energies in the single-particle
Floquet spectrum. The latter can be seen in the spectral density
A(w). We note that for A = 2.45, A(w) shows a peak at
w ~ 0.42W, but the corresponding structure near w ~ 0.84W
is not visible in optical conductivity since most of the optical
weight for this amplitude is shifted close to the topological
gap. As expected, the DC Hall conductivity is o{?(0) = C_
(in units of ¢?/h). In order to perform a more detailed study of
the Fourier components of the conductivity tensor, and its real
and imaginary components, in the next section we consider
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FIG. 5. Heterodyne optical conductivity of the driven Haldane model at 2/J = 9 and three different intensities of the laser.

the driven quantum well, where we can employ our analytical
expressions more easily.

B. Driven quantum well

As our final example, we take d = (A sink,, Asink,, M —
4B + 2B cosk, +2Bcosky,) and V = (0,0,V) to represent
a two-band model of a driven quantum well, such as one
formed in a semiconductor heterojunction [51] and driven
by an ac gate voltage. The equilibrium model for V =0
has a topological phase when sgn(MB) > 0, characterized
by a nonzero Chern number C = ﬁ [dk d- kafl X Bky(Al =
%[1 + sgn(MB)]. For concreteness, we assume below A >
0, BIA=0.2, V/A=0.35, and M/A = 0.2 with M <0
corresponding to the trivial phase, C =0 and M > 0O to the
topological phase, C = 1 in equilibrium.

In contrast to the driven Haldane model, our first example,
the current operators are time independent, j* = A cos k0, —
2Bsink,o,, for u=x,y. The diamagnetic response de-
pends on the inverse-mass matrix mi’ = —4§,,(A sink,0, +
2B cos k,0,), which is diagonal in the spatial directions and,
therefore, does not contribute to the Hall response.

1. Ideal Floquet occupation

Figures 6 and 7 summarize our numerical results for the
ideal case when only the lower Floquet band is occupied.
In Fig. 6, we show the results for the high-frequency drive
at /A = 8. As before, the main features of the response
correspond to optical transitions at the van Hove singularities
of the Floquet bands. We note that in addition to steps and
peaks at optical transitions 2¢ in the same Floquet zone, the
heterodyne response (n = 1) also shows features at optical
transitions (€2 — 2¢) across neighboring Floquet zones.

In the high-frequency regime, the homodyne Hall conduc-
tivity approaches a quantized value in the DC limit set by the

Chern number of the Floquet band. Moreover, the heterodyne
response, while nonzero, is suppressed by one or two orders
of magnitudes.

In Fig. 7, we show the results for the mid-frequency drive
at Q/A = 2.5. We note that now the homodyne and hetero-
dyne components have the same order of magnitude. At this
frequency, the Floquet spectrum is modified by the resonant
drive via gap closings at the Floquet zone edge. In particular,
the Floquet bands have nontrivial Chern numbers C = 2 both
for M/A =0.2and C = 1 for M/A = —0.2.

As before, the nontrivial topology of the Floquet bands is
reflected in the DC limit of the homodyne Hall conductivity,
consistent with general expectations. The DC limit of the
heterodyne Hall conductivity shows an enhanced value. We
study this limit based on Eq. (A6) and show our results in
Fig. 8. We observe that the DC heterodyne Hall conductivity is
generically not quantized. However, both DC Hall and longi-
tudinal heterodyne conductivity show singular enhancements
at the topological transitions in the Floquet spectrum and can
become large as the frequency is lowered.

2. Quench

As an alternative dynamical scenario, we also compute
optical response following a quench of the static Hamiltonian
by the drive [33,43,47,53]. We simplify the calculation by
assuming that only the diagonal elements of the density
matrix in the Floquet basis contribute. The contributions of the
off-diagonal elements go,g are accompanied by phase factor
e~ ii—)(e«—€s) S0 assuming gy does not depend strongly on
the initial time, these contributions are expected to become
incoherent for # >> 4. One can also see this by integrating over
the initial distant time 7y, which formally cancels for all terms
with €, # €g. Thus, we take

goep = [{Ba(0)|¥as)|*Sup, (80)
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FIG. 6. Homodyne and heterodyne optical conductivity of the driven quantum well model in the high-frequency limit, 2/A = 8. The other
parameters are chosen to be B/A = 0.2, V/A = 0.35. In panels (a)—(d), M/A = 0.2 corresponds to the topological phase of the equilibrium
(average) Hamiltonian. In panels (e)—(h), M/A = —0.2 corresponds to the trivial phase of the equilibrium (average) Hamiltonian. In each panel,
the scaling factor applies to n = %1.

where |Ygs) is the ground state of the quantum well without VI. CONCLUSION
the drive.

A typical sample of our results in the mid-frequency
regime, /A = 2.5 and M > 0, is shown in Fig. 9 for the ho-
modyne response and in Fig. 10 for the heterodyne response.
The peaks and steps in the optical conductivity still follow
the optical transition at van Hove singularities of the Floquet
bands. However, in the quenched system, the intensities of
these features is strongly modified, especially at lower optical
frequencies. In particular, the DC Hall conductivity of the
homodyne response is not quantized any more since it is now
determined by the partial occupation of both bands, which
carry opposite Berry fluxes.

In this work, we have extended the Kubo formula of the
linear response to the case of a periodically driven system. Our
expression is valid for a general density matrix of the driven
system. These expressions simplify when the density matrix
is diagonal in the Floquet basis of quasienergies or when only
the diagonal part is taken to contribute to the response, upon
averaging the initial time of switching on the probe.

We have derived the Floquet optical conductivity and
elucidate its general dynamical structure and, in particular,
its homodyne and heterodyne components. Importantly, the
nonhomodyne response means that when the system is probed
at some frequency w, a current is generated not only at the
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FIG. 7. Homodyne and heterodyne optical conductivity of the driven quantum well model in the mid-frequency limit, /A = 2.5. The
other parameters are as in Fig. 6. In panels (a) and (e), the scaling factor applies to n = £1.
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FIG. 8. The DC heterodyne optical conductivity of the driven
quantum well as a function of the drive frequency. In this case,
Reo™ =1Imo = 0 in the range of drive frequencies considered.
In panels (a) and (b) M/A = 0.2, and in panels (c) and (d) M/A =
—0.2. The other parameters are as in Figs. 6 and 7.

drive frequency but also at frequencies w + n<2, where Q2
is the drive frequency and n is an integer. We also obtain
Floquet-optical sum rules which include an inverse effective
mass term related to the curvature of the Floquet.

Using the general expressions for the optical conductivity
and resonant and off-resonant rotating-wave approximation,
we obtain analytical results for the case of a driven two-level
system in the high-frequency limit when the drive doesn’t
necessarily commute with the system’s Hamiltonian. We in-
vestigate the optical response of two driven lattice models:
the Haldane model on the honeycomb lattice with circularly
polarized light and the BHZ model for a two-dimensional
quantum well topological insulator with an oscillatory Zee-
man field. In both models we calculate numerically the
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FIG. 9. Homodyne optical conductivity of the driven quantum
well as a function of the probe frequency in the steady state following
a quench by the drive (solid curve) compared to the ideal Floquet
occupation (dashed curve). The parameters are as in Figs. 7(a)-7(d).

longitudinal and Hall conductivity response to an AC probe
field, including the homodyne and heterodyne components.
We observe that the steps and peaks of the optical conductivity
trace the optical transitions of the quasienergy spectrum at van
Hove singularities.

The homodyne and heterodyne responses trace optical
transitions, respectively, within and across neighboring Flo-
quet zones. Moreover, the DC limit of homodyne and het-
erodyne conductivities signal the Floquet topological tran-
sitions. In the ideal Floquet occupation, the DC homodyne
Hall conductivity is quantized at the Chern number of the
occupied Floquet bands. The DC heterodyne response, on
the other hand, shows singular enhancement at the Floquet
phase transitions. Away from the ideal limit, the quantization
is spoiled; however, the spectral signatures in the Floquet

§ § -1 ’ ", /”’ )
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FIG. 10. Heterodyne optical conductivity of the driven quantum well as a function of the probe frequency in the steady state following a
quench by the drive (solid curve) compared to the ideal Floquet occupation (dashed curve). The parameters are as in Figs. 7(a)-7(d).
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optical response persist. These features demonstrate that the
full Floquet optical conductivity is a powerful probe of the
Floquet spectrum and its nontrivial topology.
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APPENDIX: DC LIMIT

In this Appendix we provide some details of the deriva-
tion of the DC limit of the optical Hall conductivity,
lim,,—,0 0™ (w). In particular, we show that the divergent 1/w
terms vanish for all components of the optical Hall conduc-
tivity. These terms are found from Eq. (38) by setting v = 0
inside the bracket,

Joa Joya
uv(n) 0 Y 14
Odiv 0) = Ea gOa|:y§m <€a—6y—mQ+i0++

First, focus on the terms in parentheses. Using the identity (z 4 i0")~!

delta function boil down to

u(n+m) .v(—m) u(m
o Z f JowrF™ () ot " (k) — o

(1) o " (K)]8 (€a (K) —

v(m) u(n—m)
]an ]Oya )

uv(n)
. Al
€ — €, —mQ —i0* +[m0“°‘:| (A

= P(z~") — ind(z), we see that the terms with the

¢, (k) — mQ)dk, (A2)

where we have shown the dependence on the crystal momentum k explicitly for clarity, so o and y here refer to band and other
internal indices. We fix the values of the quasienergies in the first Floquet zone, so the delta function enforces m = 0. However,
in the simplest case we are considering here, the bands are nondegenerate for a given value of k, so the condition €, = €, cannot
be satisfied and these terms vanish.

The other terms read

. u(n+m) v(—m) v(m) su(n—m)
l Joay Joya + Joay Joya
Zp 2 Q0a
w €y — €, — M2

aFy,m

+ u(n—
== Z Gou [T p2Gm — puom jurmm, (A3)
ot;éy m

where we have used Eq. (47) to relate to the elements of the Berry connection. The bracket on the right-hand side here vanishes
for y = « identically when summed over m, so we can sum over all y and m without singularities, yielding

l Z ['”(t)r
) 80a JO

= idy,, the terms in the bracket evaluate to —id%H (t)/0k,0k, = —img®(¢). So, this term

—r'Js (t)] (A4)

Since j“(t) = 0H(t)/d, and r’
simplifies to

I )
-= > goampu, (AS5)
o

which exactly cancels the divergent m term in Eq. (A1). So, all divergent terms vanish in the DC limit.
The next order in w yields the finite DC limit as

u(n+m) ~v(—m) v(m) su(n—m)
- ]an ]Oya

. ]Ooty ]Oyut
— o A6
ZV;amgo Cop—oys (A6)
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u(n+m)rv( m) +ru(m)ru(n m)

= —i Z gOOz u(n+m) vfx m) __ gg/m) ZE: m) +inQ Z Q0u , (A7)

€y — €, —mS2
y#am yam @y

where we have again used Eq. (47) to relate to the elements of the Berry connection. For Hall conductivity (uv = xy), as shown
under Eq. (49), the first term is % > o 80aCabno. The second term is as shown in Eq. (52). To obtain the form given in Eq. (53),
we first note again that the term y = o vanishes upon integration over m, since its summand is odd under m. So, we can sum
over all y. Now, writing matrix elements rg;’") = {@ao| '’ |¢ym)) and using the definition of the Floquet Green’s function (16),
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we can write this term as

in$2 Y " goal(Panl " Glea)r” [Puo) + (Buol ' Glea)r" [pan)]

A 1 A 1
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— inQ ;gw (B0l [, Glew + )1 — r[r*, G(ea)] + %w, 1 | fan)

=in2 Y gou (a0l [, GE1. T+ (1", G 7} [ an)

= inQ Y goa (baol 3G, 0k, + (8Gy /0K 0/} ) - (A8)

In the first and second lines, we have used the identities é(a)) [Pan) = (@ — €4 — )" |Pan) and (] é(a))hﬂn)) =
(Xm—n| G(@ — n2) |¥o). In the next lines we have used the identities [r*, '] = 0 and [(+*, G), r’] = &, 3, G and defined

GE, = L Geq +n9) £ Gle)].
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