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We theoretically investigate photoinduced phenomena induced by time-periodic driving fields in two-
dimensional electron gases under perpendicular magnetic fields with Rashba spin-orbit coupling. Using
perturbation theory, we provide analytical results for the Floquet-Landau energy spectrum appearing due to
THz radiation. By employing the resulting photomodulated states, we compute the dynamical evolution of the
spin polarization function for an initially prepared coherent state. We find that the interplay of the magnetic
field, Rashba spin-orbit interaction, and THz radiation can lead to nontrivial beating patterns in the spin
polarization. The dynamics also induces fractional revivals in the autocorrelation function due to interference of
the photomodulated quantum states. We calculate the transverse photoassisted conductivity in the linear response
regime using Kubo formalism and analyze the impact of the radiation field and Rashba spin-orbit interaction. In
the static limit we find that our results reduce to well-known expressions of the conductivity in nonrelativistic
and quasirelativistic (topological insulator surfaces) two-dimensional electron gas thoroughly described in the
literature. We discuss the possible experimental detection of our theoretical prediction and their relevance for
spin-orbit physics at high magnetic fields.
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I. INTRODUCTION

Over the past years, photoinduced properties of two-
dimensional systems have been a subject of tremendous study,
especially after the identification of nontrivial topological
properties that can be induced by periodic driving fields [1–7].
Another reason for the considerable amount of attention de-
voted to these systems, both theoretically and experimentally,
comes from the fact that driving fields can be used to dy-
namically control material and topological properties, i.e., one
can by simply shining monochromatic laser light promote the
system to different topological phases (“Floquet engineering”
[7]). In this regard, nontrivial light-induced phenomena have
been shown to exist in several two-dimensional systems such
as standard two-dimensional electron gases [8–11], mono-
layer graphene [6,12–16], silicene [17–19], transition metal
dichalcogenides [20], or topological insulators [21–23].

When the electrons in a two-dimensional plane are ad-
ditionally subjected to a static perpendicular magnetic field,
their periodic motion translate into discrete (Landau) levels
due to quantization of the electronic kinetic energy [24].
This quantization lies at the origin of dramatic consequences
for macroscopic transport properties at low temperatures, the
most famous being the perfect quantization of the Hall con-
ductance in plateaus of integral multiples of the conductance
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quantum [25]. The robustness of the conductance quantiza-
tion has been addressed by considering the effect of THz
driving [26] or spin-orbit (SO) interaction of the Rashba
type [27,28] among other types of perturbations. The latter
appears due to asymmetric confinement of electron gases
in low-dimensional nanostructures and can be tuned using
local external electric fields [29]. A physically relevant and
interesting scenario then occurs when both of these tunable
perturbations are simultaneously present in the system, which
can happen when two-dimensional surface gases existing in
materials with heavy atoms such as InSb [30] or BiSb mono-
layers [31] are irradiated by a periodic time-dependent field.

In this work we consider this scenario and study the com-
bined effect of periodic driving (Floquet) and Rashba SO
interaction in clean two-dimensional electron gases (2DEG)
under high perpendicular magnetic fields.

Note that, in this situation, one is also required to incorpo-
rate the effect of the Zeeman coupling, which might affect the
structure of the energy levels. Thanks to the periodicity of the
radiation field, we apply Floquet’s theorem and transform
the dynamical equations of motion into an exact time-
independent problem. Our approach has then the advantage
that the dynamics can be tackled without the need of ad-
dressing an infinite-dimensional eigenvalue problem. We
investigate the emergence of light-modulated Landau en-
ergy levels (dubbed Floquet-Landau levels), similar to the
static Landau levels but with radiation renormalizing both the
Rashba SO parameter and the Zeeman coupling. Using the
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driven eigenstates, we compute the dynamical evolution of
relevant physical observables such as the spin polarization or
the autocorrelation function and investigate the effect of SO
coupling in the linear response photoconductivity. We further
use our results for the photoconductivity to explore different
physical regimes characterized by the strength of the Rashba
SO interaction. At small values of the Rashba parameter, we
recover the results from the ordinary photoexcited 2DEG.
At large values of the SO coupling strength, we obtain ex-
pressions for the conductivity of graphene/single surface of
topological insulators previously described in the literature.
Finally, we discuss the possible experimental probe of our
theoretical predictions in realistic systems.

The paper is organized as follows: In Sec. II we present
the model Hamiltonian and study the effect of the radiation
field on the spectral properties by using perturbation theory.
In Sec. III we consider relevant observables and study the
time evolution of the spin polarization and the autocorrelation
function when the system is initially prepared in a coherent
state. In Sec. IV we obtain the photoconductivity of the Flo-
quet system using Kubo formula and analyze its behavior for
several regimes of the effective SO interaction. Finally, in
Sec. V we give concluding remarks. We complement the paper
by showing explicit algebraic derivations of our main results
in the Appendixes.

II. MODEL

A. Static Hamiltonian

We consider a single electron of spin 1/2, electronic charge
q = −e (here e > 0), and effective mass m∗ confined to a
two-dimensional (2D) plane under a perpendicular and uni-
form magnetic field B = Bẑ. The single-particle Hamiltonian
in the presence of SO coupling of the Rashba type and Zeeman
interaction is given by

H0 = π2

2m∗ ⊗ 112 + λ[π × σ]z + �

2
⊗ σz. (1)

Here the first term corresponds to the spin-diagonal Hamilto-
nian for a free single electron, with 112 being the 2×2 identity
matrix in spin space, and π the gauge-invariant momenta with
components π j = p j + eAj (r) [ j ∈ {x, y}, r = (x, y) is the
position of the electron and A(r) is the electromagnetic vector
potential]. The later is related to the external magnetic field
through the constitutive relation ∇r×A(r) = B. The second
term is the Rashba Hamiltonian describing the coupling be-
tween spin and orbital degrees of freedom

HR = λ[π × σ]z = λ[πx ⊗ σy − πy ⊗ σx], (2)

with λ being the spatially averaged Rashba parameter and σ =
(σx, σy, σz ) the vector of Pauli matrices. Finally, the third term
is the Zeeman coupling between the spin of the electron and
the external magnetic field characterized by the Zeeman gap
�. We omit in what follows the tensor product symbol and the
identity matrix 112.

Introducing the magnetic length lB = √
h̄/(eB) and the cy-

clotron frequency ωc = h̄/(m∗l2
B), as well as the annihilation

and creation operators

a = lB√
2h̄

(πx − iπy), (3a)

a† = lB√
2h̄

(πx + iπy), (3b)

it can be easily shown that the Hamiltonian in Eq. (1) can
be rewritten as the Jaynes-Cummings Hamiltonian [32] well
known in quantum optics

H0 = h̄ωcNa − δ

2
σz − iλB(aσ+ − a†σ−). (4)

Here λB = √
2h̄λ/lB characterizes the strength of the SO

interaction in the presence of magnetic field (i.e., the SO
interaction strength per magnetic length), σ± = (σx ± iσy)/2,
the detuning is given by δ = h̄ωc − �, and we have defined
the operator Na := a†a + (1 + σz )/2, which commutes
with the Rashba SO Hamiltonian. We assume in this paper
that δ > 0 as the cyclotron energy is typically the dominant
energy scale in comparison to the Zeeman gap.

After straightforward diagonalization of Eq. (4), we get the
energy levels (Landau levels [33,34]) given by

Esn = h̄ωcn + s

2
�n, (5)

where �n =
√

4nλ2
B + δ2 . The energy levels are characterized

by a positive integer n � 0, the Landau level index, and the
SO quantum number s = s(n) which takes the value s = ±
if n � 1 and s = + when n = 0. The quantum number s can
be interpreted as the “spin” index projection along the axis
defined by the Rashba SO interaction. As in the spinless case,
the degeneracy of each level per unit area is equal to nB =
1/(2π l2

B).
In Fig. 1 we show the energy spectrum (5) (normalized to

the cyclotron energy) as a function of λB/(h̄ωc). We have con-
sidered values for the electron effective mass m∗ = 0.02m0,
normalized detuning δ/(h̄ωc) � 1.2, and Rashba SO interac-
tion typical for 2DEG that can be found in BiSb monolayers

FIG. 1. Landau levels (5) given in units of the cyclotron energy
h̄ωc as a function of the dimensionless parameter λB/(h̄ωc ). The
solid and dashed lines correspond to each of the SO projections
labeled by the quantum number s. As detailed in the main text, typical
parameters for 2DEG on BiSb monolayers are considered.
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[31] (which have SO coupling strength h̄λ = 2.3 eV Å). For
small values of the renormalized SO interaction relative to the
cyclotron energy, the energy levels are distributed as Zeeman-
split pairs of Landau levels. Once the effect of the magnetic
field on the SO coupling becomes relevant, each pair of levels
splits off [note that, similar to the case of graphene [35,36], the
level with quantum numbers (0,+) is independent of the SO
coupling]. The energy spectrum then presents nonequidistant
levels. Consequently, it also exhibits level crossings between
different pairs of Landau levels (n, s) and (n′,−s) [34]. Note
that necessarily energy levels with the same SO quantum num-
ber never cross and that there is a unique energy level labeled
by the quantum numbers (1,−) that never crosses with any
other Landau level. The accidental degeneracies produced by
the level crossings are expected to be lifted once Landau level
mixing occurs due to the disorder potential.

The eigenstates of the spinful static Hamiltonian can be
written in terms of the eigenstates |n〉 of the operator a†a
(i.e., eigenstates of the spinless Hamiltonian with the vector
potential expressed in the Landau gauge A = −Byx̂). We find

|φsn〉 =
(−isc−sn|n − 1〉

csn|n〉
)

, (6)

where

csn =
√

�n + sδ

2�n
. (7)

Here we set | − 1〉 ≡ 0 so that Eq. (6) also holds for the lowest
Landau level. To simplify the notation, we have noted |n〉 ≡
|n, k〉 where k ≡ kx with 0 < k < (2π/Lx )nB is a continuous
quantum number characterizing the degeneracy of each Lan-
dau level. Due to translational invariance of the observables
under consideration in the next sections, k will always remain
a good quantum number and we therefore omit any reference
to it in what follows.

B. Effect of electromagnetic radiation

Let us now consider the effect of circularly polarized elec-
tromagnetic radiation, incident perpendicularly to the sample.
We assume that the beam radiation spot is large enough
compared to the lattice spacing so we can neglect any spa-
tial variation of the incident beam. As such, the resulting
light-matter interaction can be described by means of a ho-
mogeneous time-dependent vector potential

A(t ) = E
	

(cos 	t, sin 	t ), (8)

where E and 	 are, respectively, the amplitude and frequency
of the electric field. The expression of the incident field
can be easily obtained from the standard relation E (t ) =
−∂tA(t ). For simplicity, we also assume that the light beam
is right-handed circularly polarized, extension to left-handed
circular polarization being straightforward by considering the
transformation 	 → −	. Linearly polarized driving elec-
tromagnetic radiation can also be considered in the present
scheme. Compared to the circular polarization, the linearly
polarized electromagnetic field carries no orbital angular mo-
mentum but breaks the rotational invariance of the 2DEG. In

graphene without external magnetic fields [37,38], circular
polarization opens additional gaps compared to the linear
case. Because here the spectrum is already gapped due to the
magnetic field, the distinction between both polarization states
becomes less relevant and we proceed with our analysis by
considering circularly polarized radiation only.

Thus, considering the total vector potential A(r, t ) =
A(r) + A(t ), we apply the minimal coupling prescription
p → p + eA(r, t ) in order to obtain an interaction potential
term with the driving field

V (t ) = ξ (σy cos 	t − σx sin 	t ). (9)

This term enters into the time-dependent Hamiltonian H (t ) =
H0 + V (t ) with an effective coupling constant ξ = eλE/	.
Observe that within our approach the additional time-
dependent contribution independent of the SO coupling term
is neglected. It can be easily checked that this is valid under
the assumption ωc < 	, which holds in part of the THz and in-
frared spectral range for not very large magnetic field strength.

Inclusion of the V (t ) term makes the full Hamiltonian
H (t ) = H0 + V (t ) periodic in time, H (t + T ) = H (t ), with
T = 2π/	 being the period of oscillation of the driving field.
We now apply Floquet’s theorem and write the evolution
operator of the system in the form [39]

U (t ) = P(t )e−iHF t , (10)

with P(t ) a periodic unitary matrix and HF a time-independent
dynamical generator referred to as the Floquet Hamiltonian.
The eigenvalues of the Floquet Hamiltonian HF form the so-
called quasienergy spectrum of the periodically driven system.

For the system under consideration, it can be shown
that P(t ) = exp(−iNa	t ) generates a time-dependent uni-
tary transformation |�(t )〉 = P(t )|(t )〉, such that the time-
dependent Schrödinger equation

ih̄∂t |�(t )〉 = H (t )|�(t )〉 (11)

becomes

ih̄∂t |(t )〉 = HF |(t )〉, (12)

where |(t )〉 are the Floquet eigenstates. Doing the explicit
calculation (see Appendix A), HF is found to be given by

HF = h̄ω−Na − δ

2
σz + iλB(a†σ− − aσ+) − ξσy, (13)

where we have introduced the frequency ω− = ωc − 	. We
first notice that when the resonant condition 	 = ωc is ful-
filled the resonant Hamiltonian Hr expressed in terms of
shifted operator b = a − β, with β = ξ/λB, can be written as

Hr = iλB(b†σ− − bσ+) − δ

2
σz. (14)

Therefore, when the resonance condition is satisfied, the spec-
trum is the same as in Eq. (5), but an integer number of
excitations h̄ω− have been resonantly absorbed from the sys-
tem. This would be an m photon resonance.

When the system is not at resonance, we apply perturba-
tion theory to obtain an effective Floquet Hamiltonian that
allows us to study the full frequency response of the sys-
tem. We consider as a small parameter the effective radiation
strength κ = ξ/h̄ωc and transform the Hamiltonian in Eq. (13)
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as H = exp[−i(κ/2)I+]HF exp[i(κ/2)I+] where the operator
I+ = a†σ− + aσ+ commutes with Na. Evaluation up to first
order in κ using the Baker-Campbell-Hausdorff formula (see
Appendix A) gives the effective Floquet Hamiltonian

H eff
F � h̄ω−Nc −

(
δ − 2κλBNc

2

)
σz

+ i

(
λB + κδ

2

)
(c†σ− − cσ+), (15)

where c = a − γ , γ = 2ξ/(κδ + 2λB), and the shifted num-
ber operator Nc = c†c + (1 + σz )/2. Higher order terms in γ

and κ can be dealt, in principle, by using higher order per-
turbation theory. The condition κ = ξ/h̄ωc � 1 can be easily
met for realistic systems. To check this explicitly, let us take
as typical values for the parameters E � 0.15 MV/m, h̄	 �
10–20 meV [40], and Rashba coupling constant typical for
2DEG existing on BiSb monolayers [31] or InSb surface gases
(h̄λ = 0.7 eV Å) [30]. This yields for a magnetic field of B =
1 T values for the perturbative parameter κ � 10−2–10−3.

C. Floquet-Landau energy spectrum

We proceed by diagonalization of the effective Hamil-
tonian (15) in order to obtain the discrete Floquet-Landau
energy spectrum (i.e., Landau levels dressed by the radiation)

εsm = mh̄ω− + s

2

√
4mλ̃2

B + �̃2
m, (16)

with λ̃B = λB + κδ/2 and �̃m = δ − 2mκλB. As in the static
case, Sec. II A, the (Floquet) band index m � 0 is an integer
(that plays the role of the Landau level index) and the new
SO quantum number s = s(m) is equal to s = ± if m = 0
and s = + when m = 0. By comparing this result to Eq. (5),
we find that the radiation field affects both the strength of
the SO and the (Zeeman-related) detuning: the magnetic field
renormalized SO interaction increases due to coupling to the
Zeeman term via the radiation; correspondingly, the detuning
is reduced by the SO coupling and becomes dependent on the
Floquet band index.

We show in Fig. 2 the Floquet-Landau spectrum for the
same set of parameters used in Fig. 1. Similar to the static
Landau energy levels, the Floquet-Landau energies present
multiple level crossings between pairs of levels (m, s) and
(m′,−s) occurring as a function of the SO coupling λ or the
magnetic field. Due to the radiation field, the position of the
crossings is drastically altered. In addition, most of the en-
ergy levels are substantially shifted in energy by the radiation
except (0,+) which remains unaffected. Note also that, as
a consequence of the shift in the Floquet-Landau levels, the
levels with positive SO projection (0,+) and (1,+) never
cross with any other energy level.

The corresponding Floquet eigenstates for any Floquet-
Landau level labeled by (m, s) can be written in a similar way
to Eq. (6) and read

|ψsm〉 =
(−isb−sm|m − 1〉

bsm|m〉
)

, (17)

FIG. 2. Floquet-Landau spectrum (16) given in units of the cy-
clotron energy h̄ωc as function of the dimensionless parameter
λB/(h̄ωc ). Similarly to Fig. 1, the solid and dotted lines correspond
to the two projections labeled by the quantum number s. We consider
values of the parameters typical for BiSb 2DEGs [31], κ = 0.25 and
	 = 3ωc.

where we have defined the coefficients

bsm =
√

1

2

(
1 + s

�̃m

εm

)
, (18)

with εm = |εsm − mh̄ω−|. Observe that the energy level de-
generacy given by the continuous quantum number k is not
affected and therefore it will remain implicit in our expres-
sions.

III. SPIN AND AUTOCORRELATION
FUNCTION DYNAMICS

A. Spin polarization

We begin by considering the dynamics of the spin polar-
ization, whose time-average 〈σz〉 can be defined by

〈σz〉 = 1

T

∫ T

0
dt 〈�(0)|U †(t )σzU (t ) |�(0)〉 , (19)

where |�(0)〉 is the state of the system prepared at t = 0. Tak-
ing into account that [σz, P(t )] = 0, we use Eq. (10) to further
write the last expression using the Floquet Hamiltonian

〈σz〉 = 1

T

∫ T

0
dt 〈�(0)| eiHF t/h̄σze

−iHF t/h̄ |�(0)〉 . (20)

Note that, whenever the initial state is an eigenstate of the
Floquet Hamiltonian, the expectation value of the spin polar-
ization in Eq. (19) is constant over one period of the radiation
field.

Yet, with an experimental setup in mind, it is more feasible
to prepare the initial state of the system in a linear combination
of eigenstates of the static Hamiltonian (1). Several initial
states are possible [for instance, just Eq. (6), superposition
of thermally occupied Landau levels, etc.] but here we con-
sider the experimentally relevant case at low temperatures of
|�(0)〉 being a coherent state superposition of Landau lev-
els. For the coherent state |α〉, the coherent state parameter
α = √〈α|Na|α〉 gives the mean number of Landau levels that
are excited, α being in this context analogous to the mean
photon number in quantum optics [41]. The coherent state is
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FIG. 3. Time evolution of the spin polarization σz(t ) obtained
for different values of the coherent state parameter α. We consider
the effective radiation strength κ = 0.25 and set λB/h̄	 = δ/h̄	 = 1
and B = 1 T.

explicitly given by the expression

|α〉 = e− |α|2
2

(
|ϕ0〉 + 1√

2

+∞∑
n=1

∑
s

αn

√
n!

|ϕsn〉
)

, (21)

with |ϕsn〉 being the eigenstates of the static Hamiltonian at
zero detuning (δ = 0),

|ϕsn〉 = 1√
2

(−is|n − 1〉
|n〉

)
, (22)

for n = 0, whereas |ϕ+0〉 = |φ+0〉.
Observe that the coherent state also satisfies 〈α|σz|α〉 =

−1. Thus, any change (oscillation, decay, etc.) in the spin
polarization as a function of time is either related to spin
flipping due to Rashba SO interaction or to fluctuations in
the excitation number due to the periodic driving. This initial
state has been considered previously to study photoinduced
effects on the Landau levels of monolayer graphene [36].
We now explore the effect on the dynamics of “real” spin
by the interplay of photoinduced renormalized Rashba SO
interaction and Zeeman term.

After straightforward calculations (see Appendix B for
detailed derivations), the time-dependent spin polarization
σz(t ) = 〈α|U †(t )σzU (t ) |α〉 for the coherent state is given by
the expression

σz(t ) = − e−|α|2
(

1 +
+∞∑
m=1

|α|2m

m!

{(
�̃m

εm

)2

+
[

1 −
(

�̃m

εm

)2]
cos

(
2εmt

h̄

)})
. (23)

We plot Eq. (23) in Fig. 3 considering an effective dimen-
sionless radiation strength κ = 0.25, along with λB/h̄	 =

2.0 4.0 6.0 8.0 10.0
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FIG. 4. Expectation value of the spin polarization 〈σz〉 in B-α pa-
rameter space. We consider an effective radiation strength κ = 0.25
and fix the radiation frequency of the incident light beam by setting
m∗λ2/h̄	 = 1.

δ/h̄	 = 1 and B = 1 T, for different values of the coherent
state parameter α. At low values of α [Figs. 3(a) and 3(b)],
we find small amplitude Rabi oscillations. This is due to the
fact that the dynamics is mostly dictated by the interference
of the lowest Floquet-Landau levels. However, for larger val-
ues of α, the higher Floquet-Landau levels contribute with
larger weight to the interference and dynamical localization
effects appear. This result is explicitly shown in Figs. 3(c) and
3(d) where a strong beating pattern as a function of time is
present. This situation is qualitatively similar to the behavior
of the pseudospin polarization in graphene under periodic
illumination [36]. However, here the dominant timescale for
the dynamical localization is not related to the cyclotron fre-
quency but to the photon frequency T = 2π/	. It is also
interesting to observe that when collective behavior for the
charge carriers sets in the spin polarization can change its
sign from σz(0) = −1 (i.e., spin down) to σz(t ) > 0. In other
words, induced by the periodic driving, the exchange of angu-
lar momentum between orbital and spin degrees of freedom
mediated by the SO interaction can temporarily inverse the
sign of the spin density.

We can get further insight on the interplay of the Rashba
SO interaction and the radiation field by calculating the mean
polarization 〈σz〉. This quantity is obtained by averaging the
expression (23) over one period of oscillation of the radiation
field [see Eq. (19)] and reads

〈σz〉 = − e−|α|2
(

1 +
+∞∑
m=1

|α|2m

m!

{(
�̃m

εm

)2

+ 2π

	

[
1 −

(
�̃m

εm

)2]
sinc

(
4πεm

h̄	

)})
. (24)

In Fig. 4 we show a contour density plot of 〈σz〉 in the B-α
parameter space. As in Fig. 3, we set δ/h̄	 = 1, κ = 0.25,
and consider the photon energy such that m∗λ2/h̄	 = 1. For
BiSb surface gases, this corresponds to THz radiation where
h̄	 � 10 meV. The general trend observed is that at any value
of the static magnetic field B, a large magnitude of the average
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FIG. 5. Magnetic field response of the expectation value of the
spin polarization at four representative values of the coherent state
parameter α. Values of the effective radiation strength κ and the
radiation frequency 	 are set as in Fig. 4.

polarization 〈σz〉 is achieved for both small and large values
of the mean occupation (coherent state parameter) α. The
value of 〈σz〉 is always negative, i.e., there is no polarization
inversion in the average signal. For small and intermediate
values of α the contribution of more Floquet-Landau levels
yields clear oscillations of 〈σz〉 as a function of B. We illustrate
this behavior of 〈σz〉 by taking “snapshots” at fixed values of
the mean occupation parameter in Fig. 5.

B. Autocorrelation function

We complement the physical picture of the spin dy-
namics by looking at the autocorrelation function C(t ) =
〈�(0)|�(t )〉 = 〈�(0)|U (t ) |�(0)〉, which is simply the over-
lap between the initial and the time-evolved wave packet. The
absolute value of C(t ) provides additional insight on (frac-
tional) quantum revivals induced by the dynamics whenever
the time-dependent overlap is close to its maximum value
[42,43]. Analogously to the case of the spin polarization, we
consider the coherent state (21) and compute C(t ) = 〈α|α(t )〉.
For that purpose, we first compute the time-evolved coherent
state |α(t )〉 by considering the projection of the dynamics into
the basis of the static Hamiltonian. The time evolution of the
coherent state is then expressed as

|�(t )〉 =
∑

s′
f ss′
m (t )e−iεmt/h̄ |ψs′m〉 , (25)

with

f ss′
m = c−snb−s′n + ss′csnbs′n. (26)

After straightforward algebra (see details in Appendix C) we
find that the coherent state autocorrelation function adopts the
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FIG. 6. Time dependence of the autocorrelation function C(t ) as
given in Eq. (27) for different values of the coherent state parameter
α. For larger values of α, the autocorrelation function shows partial
revivals correlated with the oscillations in the spin polarization seen
in Fig. 3. Values of the effective radiation strength κ , the radiation
frequency 	, and the magnetic field are set as in Fig. 3.

form

C(t ) = e−|α|2
(

1 +
+∞∑
m=1

|α|2m

m!

{
cos

(
εmt

h̄

)

− i

⎡
⎣ δ

�m

√
1 −

(
�̃m

εm

)2

+ �̃m

εm

√
1 −

(
δ

�m

)2
⎤
⎦

× sin

(
εmt

h̄

)})
. (27)

It can be easily checked that this expression reduces to the re-
sult quoted in Ref. [36] for graphene in the limit λB/(h̄ωc)�1.

We plot the time evolution of |Cα (t )|2 in Fig. 6. To make
the comparison with the time-dependent spin polarization ex-
plicit, we consider the same values of α as in Fig. 3, as well
as the same parameters. For small values of α, as shown in
Figs. 6(a) and 6(b), the autocorrelation function presents a
strong oscillations reminiscent of the Rabi oscillations be-
tween the two lowest Floquet bands. For the considered
radiation frequency, our result is different from graphene [36]
since here the Rabi oscillations involve the quantum interfer-
ence of more than two Floquet-Landau levels as it can be seen
in the beating pattern of |Cα (t )|2. For larger values of α, see
Figs. 6(c) and 6(d), and especially for α � 4.0, the autocorre-
lation function shows clear fractional revivals. These revivals
are correlated in time with the dynamical localization of the
spin polarization shown in Fig. 3. The fractional revivals occur
periodically with a period roughly equal to TR � 7T/4 when
the mean Landau level occupation increases. This means that
a full reconstruction of the wave packet never occurs due
to the presence of dephasing. In the present case, compared
to a purely relativistic energy spectrum, this dephasing is
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produced to the radiation-dressed detuning �m. After several
periods, the dephasing between the components of the wave
packet increases and the value of |Cα (t = pTR)|2 with p ∈ N>0

decreases almost in a linear fashion. This decrease in the
amplitude of the local maxima of the autocorrelation func-
tion in time is a manifestation of the broadening of the spin
polarization signal observed in Fig. 3(d) for times t/TR � 2.

IV. PHOTOCONDUCTIVITY

We turn now our attention to the transverse photoconduc-
tivity σxy(	), computed using the Kubo formula (see details
for the derivation in Appendix D). This approach has al-
ready been employed in the study of the quantum oscillations
produced by microwave-induced zero resistance states [44].
Using the Floquet-Landau basis (17), we find

σxy(	) = e2

h
(h̄ωc)2

+∞∑
m=0

∑
ss′

nF(εs′m+1) − nF(εsm)

(εs′m+1 − εsm)2 − (h̄	 + i�)2

×
[√

mBss′
mm+1+ss′√m + 1B−s−s′

mm+1+
λB

h̄ωc
s′Bs−s′

mm+1

]2

,

(28)

where 	 is the photon frequency and � is a parameter de-
scribing the effective Floquet-Landau level broadening due to
residual scattering of the electron with impurities [28,45–47].
To simplify the notation, we have defined in Eq. (28) the
combination of wave function weights Bss′

mm′ = bsmbs′m′ , and
denoted by

nF(E ) = 1

1 + exp[(E − μ)/(kBT )]
, (29)

the Fermi-Dirac distribution at temperature T and constant
chemical potential μ (kB denotes the Boltzmann constant).

Two important observations are now in order. First, em-
ploying a (quasi)-equilibrium Fermi-Dirac distribution instead
of the nonequilibrium distribution expected [48,49] due to the
driving EM field in Eq. (28) is a good approximation only
if (i) the Floquet energies are well separated in the energy
space, (ii) the driving frequencies are off-resonance with the
transition frequencies, and (iii) the laser amplitudes are small
[46,48]. Under these circumstances, the driving leads to a
renormalization of the parameters of the (time-independent
Floquet) system but does not change the distribution func-
tion. In our case (i) holds because the spectrum is always
gapped far from the accidental degeneracies, (ii) is achieved
by choosing appropriately 	 to be incommensurate with the
transition frequency between adjacent Floquet-Landau levels,
and (iii) is satisfied from our perturbative approach. Note that
incommensurability can be achieved easily as the Floquet-
Landau are not equidistant and the separation between them
can be tuned with the SO interaction. Moreover, in 2DEG
under strong perpendicular magnetic fields and subjected to
time-dependent periodic radiation electron-phonon coupling
becomes subdominant at low temperatures. It has also been
shown that the solution of the Boltzmann equation yields at
first order a Fermi-Dirac distribution evaluated in the Floquet-
Landau levels [44], consistently with the conditions (i)–(iii)
discussed above. Second, the assumption of the broadening of

FIG. 7. (a) Static transverse conductivity Re σxy(0) as a function
of the normalized chemical potential μ/(h̄ωc ). Each curve corre-
sponds to a different value of the parameter λB/(h̄ωc ): 0 (black solid
line), 0.1 (orange dotted line), 0.2 (violet dot-dashed line), and 0.3
(green dashed line). The effective level broadening and temperature
are �/(h̄ωc ) = 0.05 and kBT/(h̄ωc ) = 0.01, respectively. (b) Trans-
verse photoconductivity Re σxy(	) as a function of μ/(h̄ωc ) for
	/ωc = 0.5 (red dotted line). The green solid line corresponds to
the static transverse conductivity. We have considered λB/(h̄ωc ) =
0.3 and employed the same temperature and level broadening as
in (a).

the Floquet-Landau levels to be constant can be justified at
high magnetic fields for which the disorder becomes smooth
on the scale of the magnetic length. For low magnetic fields
and low temperatures, in the regime of Shubnikov–de Haas
oscillations, it has been shown that both the magnetic field
and radiation renormalize the scattering rate and can produce
quantitative (but not qualitative) changes of the density of
states [10].

(a) Static limit, {ξ,	} → 0. We first analyze the static
transverse conductivity σxy(0) using Eq. (28). For ξ → 0,
the Floquet-Landau energies and eigenstates (16) and (17)
reduce to Eqs. (5) and (6). The only 	 dependency left is
in the denominator of Kubo formula and vanishes trivially
at 	 = 0. The resulting conductivity is shown in Fig. 7(a)
for several values of λB/(h̄ωc), parameter measuring the
SO coupling strength per magnetic length normalized to the
cyclotron energy [50]. For λB/(h̄ωc) = 0 (vanishing Rashba
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SO interaction), the conductivity shows the expected sequence
of quantized Hall plateaus appearing at integer units of the
conductance quantum (e2/h). For λB/(h̄ωc) = 0 (nonvanish-
ing Rashba SO coupling), we observe the appearance of
additional plateaus at odd integer units of e2/h. These plateaus
result from the SO split-Landau levels and possess different
widths since in the presence of SO interaction, the result-
ing Landau levels are no longer equidistant in energy. When
higher Landau levels are populated for larger values of the
chemical potential, the conductance shows small deviations
from the expected quantization. These small deviations occur
when the effect of the SO interaction in the level splitting
starts to be relevant compared to the kinetic term in the Hamil-
tonian. They have already been pointed out in previous works
when the Hamiltonian combines quadratic and linear terms in
the momentum [28] and its origin attributed to the perturbative
formulation of transport theory used here [27].

(b) Dynamic limit, {ξ,	} = 0. We now study the photo-
conductivity from Eq. (28) at nonzero radiation frequency.
Figure 7(b) shows the photoconductivity as a function of the
normalized chemical potential μ/(h̄ωc). We choose a value
for the SO interaction of λB/(h̄ωc) = 0.3, which corresponds
to typical values for BiSb surface gases, and select a photon
frequency nonresonant with the transition energy between
Floquet-Landau levels. We find that Re σxy(	) preserves a
plateaulike structure but no longer quantized in integer units
of e2/h. The reasonable robustness of the step structure is
reminiscent to the behavior of the optical conductivity in
the absence of SO interaction [26]. This behavior can be
expected as the radiation field only renormalizes the mag-
netically dressed SO interaction and Zeeman terms in the
photoinduced regime under consideration.

(c) Quasirelativistic limit, λB/h̄ωc � 1. We now
consider Eq. (28) when the energy scale associ-
ated with the SO interaction dominates over the
cyclotron energy (formally, this is equivalent to
consider the formal limits � → 0 and m∗ → +∞
simultaneously). In this limit, the energy spectrum is gapless
in the absence of external magnetic and electric fields.

In the presence of magnetic field but no coupling to the
radiation field, the Landau levels reduce to the well-known
expression εsm = sh̄	c

√
m.

Here 	c = λB/h̄ = λ
√

2/lB is a SO-dependent characteris-
tic frequency analogous to the graphene cyclotron frequency
[36,51] with λ playing a role analogous to the Fermi velocity.

Figure 8(a) displays the transverse conductivity in this limit
(see Appendix D for analytical details) for the static (blue
curve) and dynamic (red curve) cases as a function of the
chemical potential.

In the absence of coupling to the radiation field, we recover
the well-known half-integer quantization of the transverse
conductivity that occurs for single Dirac cones at the surface
of topological insulators [27,52,53] (note that in graphene,
due to the combined effect of spin and pseudospin degenera-
cies the conductivity is four times bigger [26,51]).

The radiation field strongly modifies the form of the trans-
verse conductivity while preserving particle-hole symmetry
[in other words, the conductivity is still an odd function of
μ/(h̄	c)]. Similar to the static case a steplike structure is still
preserved for the first steps, however for larger values of the

(b)

FIG. 8. (a) Transverse conductivity Re σxy(	) as a function of
μ/(h̄	c ) obtained in the limit of strong SO interaction λB/(h̄ωc ) � 1.
Here 	c = λB/h̄ represents the SO-dependent characteristic fre-
quency. Representative results for the static (black line) and
photoinduced cases (	/	c = 0.5, red line) are shown. (b) Transverse
conductivity Re σxy(	) as function of μ/h̄ωc obtained in the limit of
vanishing SO interaction λB/(h̄ωc ) � 1. Representative results for
the static (black curve) and photoinduced cases (ω/ωc = 0.5, red
line) are shown. Solid and dashed lines correspond, respectively, to
δ/(h̄ωc ) = 0 and δ/(h̄ωc ) � 1.2. The effective level broadening and
the temperature are chosen as in Fig. 7 both for (a) and (b).

chemical potential the conductivity is no longer a monotonic
function of μ.

Compared to Fig. 7(b), σxy(	) has a more complex struc-
ture. The low energy resonances are associated with allowed
transitions between quasirelativistic Landau levels with s = s′
and |n − n′| = 1. They involve only the electron energy sector.
At higher energy, the resonances result from transitions that
involve both electron and hole energy sectors, characterized
by s = s′ and |n − n′| = 1.

(d) Nonrelativistic limit, λB/h̄ωc � 1. We finally consider
the opposite limit, which corresponds to neglecting the lead-
ing SO interaction contributions to the static Hamiltonian. It is
easy to verify (see details in Appendix D) that the transverse
conductivity reduces to

σxy(	) � e2

h

+∞∑
m=0

∑
σ

ω2
c

ω2
c − (	 + i�/h̄)2

nF(εσm), (30)
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where εσm = h̄ωc[m + 1/2 + σ�/(2h̄ωc)]. We display in
Fig. 8(b) traces for the static (black trace) and dynamic (red
trace) conductivity as a function of the normalized chem-
ical potential μ/(h̄ωc). The solid/dashed lines correspond,
respectively, to the absence [δ/(h̄ωc) = 0, continuous] or the
presence [δ/(h̄ωc) � 1.2, dashed] of Zeeman coupling to the
static magnetic field. As expected, including Zeeman inter-
action results in the appearance of additional plateaus, all of
them having the same width contrary to Fig. 7(a). As reported
previously [26], we obtain a robust steplike structure under
illumination departing from the exact quantization in units of
e2/h. This is similar to the case with SO interaction shown in
Fig. 7(b) suggesting that the renormalization of the eigenstates
due to the radiation has a subdominant role in the photocon-
ductivity properties in this regime and that the impact of the
SO interaction in the photoinduced conductivity is, at most, of
quantitative nature.

V. CONCLUSION AND OUTLOOK

In conclusion, we have studied photoinduced phenomena
in 2DEG under perpendicular magnetic fields with Rashba SO
interaction. Our work provides perturbative analytical expres-
sions for physical observables valid in the THz/low infrared
regime. We have first presented the photoinduced modulation
to the Landau energy levels in the presence of a continuous
and periodic radiation field. Using the Floquet-Landau states,
we have considered the dynamical features on the spin polar-
ization and the autocorrelation function. Assuming that the
initially prepared state is a coherent state, which possesses
a static finite spin polarization, we have shown that the ex-
change of angular momentum between the charge carriers and
the radiation field mediated by SO interaction (which couples
spin and orbital degrees of freedom) produces oscillations of
the average spin polarization as a function of the magnetic
field strength. For large enough values of the coherent state
parameter α we have demonstrated that the time evolution
of the spin polarization has periodic beating patterns due to
dynamical localization and interference of Floquet-Landau
levels. These effects can be correlated with fractional revivals
in the autocorrelation function. Using the Kubo formalism,
we have computed the transverse photoconductivity of the
system. We have found that the SO interaction does not
drastically change the resonant structure of the transverse pho-
toconductivity (compared to the 2DEG under illumination).
When considered as a function of the chemical potential, the
photoconductivity shows nonquantized plateaus of different
width due to the combined effect of the radiation field and the
SO interaction. This is different from the photoconductivity
of graphene or topological insulator surfaces characterized
by (static) linear dispersion relation, as the latter shows reso-
nances associated with additional allowed transitions between
Landau levels. We have verified that our analytical expression
yields well-known results in the special limits of vanishing
SO interaction [λB/(h̄ωc) � 1] and that we recover results for
systems with a “quasirelativistic” dispersion relation when-
ever the SO interaction strongly dominates [λB/(h̄ωc) � 1].
Finally, one key point to be addressed is the experimental
feasibility of our proposal. As shown in Secs. III and IV,
we have considered parameter estimates for static magnetic

field, Rashba SO interaction, as well as the amplitude and
frequency of the radiation field compatible with achievable
experimental systems (BiSb or InSb surface gases irradiated
by THz/infrared radiation). Now the effects of electromag-
netic dressing of the energy bands can be experimentally
explored by studying the optical response of the system in a
pump-probe geometry made of these materials. In this case,
a sample is excited by a continuous-wave highly intense laser
(pump) while the second pulse (probe) is used for characteri-
zation of the excited states of the light-matter coupled system
[54]. Thus, within the possible experimental techniques to be
considered we can suggest the time-resolved angle resolved
photoemission spectroscopy (ARPES), which has been con-
sidered previously for topological insulators in Refs. [21,23]
and extended to deal with the spin-resolved polarization (the
so-called SARPES technique) in Ref. [55]. In addition, a
modification of the scheme presented in Ref. [56] where
they combine bichromatic polarization pulse shaping with
photoelectron imaging tomography for time-resolved spatial
imaging of an ultrafast SO-split wave packet could afford
a suitable experimental tool for testing our results on the
time-dependent modulation of the coherent state wave packet
spin polarization. We note that if one would be interested
in experimentally addressing some “nonuniversal” features
of the photoconductivity in graphene-like systems effects of
doping and finite temperature would need to be included [57].
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APPENDIX A: PERTURBATIVE CALCULATION
OF THE EFFECTIVE FLOQUET HAMILTONIAN

In order to obtain the effective Floquet Hamiltonian given
in Eq. (15), we evaluate the following expression:

H = e−iκ/2I+HF eiκ/2I+ , (A1)

with the operators I± (Hermitian and anti-Hermitian)
defined as

I± = a†σ− ± aσ+. (A2)

Using the Baker-Campbell-Hausdorff formula we have

H = HF − iκ

2
[I+, HF ] + 1

2!

(
iκ

2

)2

[I+, [I+, HF ]] + · · ·.
(A3)

To leading order in κ , only the first commutator needs to be
evaluated. We find

[I+, HF ] = − δ

2
[I+, σz] + iλB[I+, I−] − ξ [I+, σy], (A4)

where we have used that [I+, Na] = 0. It is a straightforward
task to evaluate the commutators in Eq. (A4), we obtain
[I+, σz] = I−, [I+, I−] = 2Naσz and [I+, σy] = i(a + a†)σz.
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Upon substitution of these results in Eq. (A3), we get

H eff
F = h̄ω−Na −

(
δ − 2κλBNa

2

)
σz

+ i

(
λB + αδ

2

)
I− − κξ

2
(a† + a)σz − ξσy. (A5)

We now define the shifted ladder operators c = a − γ , with
γ = 2ξ/(2λB + κδ). With this definition, the following rela-
tions are satisfied:

Na = Nc + γ (c† + c) + γ 2, (A6a)

a† + a = c† + c + 2γ , (A6b)

and allow us in turn to write the perturbative Hamiltonian
as

H eff
F = h̄ω−Nc + γ h̄ω−(c† + c) + γ 2h̄ω−

−
(

δ − 2κλBNc

2

)
σz + κλBγ (c† + c) + κλBγ 2

+ i
(
λB + κδ

2

)
(c†σ− − cσ+)

− κξ

2
(c + c† + 2γ )σz. (A7)

Our effective Floquet Hamiltonian

H eff
F = h̄ω−Nc −

(
δ − 2κλBNc

2

)
σz

+ i

(
λB + κδ

2

)
(c†σ− − cσ+), (A8)

where we have neglected higher order terms in γ and ξ

�H = 2γ (κλB + h̄ω−) − κξσz

2
(c† + c)

+ γ 2(κλB + h̄ω−) − κγ ξσz. (A9)

APPENDIX B: CALCULATION DETAILS
OF THE SPIN POLARIZATION

We want to evaluate the mean spin polarization

〈σz〉 = 1

T

∫ T

0
dt σz(t ), (B1)

where σz(t ) = 〈�(0)|U †(t )σzU (t ) |�(0)〉, for the initial state
of the system given by the coherent state |α〉 = |�(0)〉,

|α〉 = e− |α|2
2

(
|ϕ0〉 + 1√

2

+∞∑
n=1

∑
s

αn

√
n!

|ϕsn〉
)

. (B2)

We begin by transforming the coherent state to the eigenbasis
of the effective Floquet Hamiltonian

|α〉 = |ψ0〉 〈ψ0| α〉 +
+∞∑
n=1

∑
s

|ψsn〉 〈ψsn| α〉, (B3)

with expansion coefficients

〈ψ0| α〉 = e− |α|2
2 , (B4a)

〈ψsn| α〉 = e− |α|2
2

αn

√
n!

b−s,n. (B4b)

Using the approximation HF � H , we get

e−iHt/h̄|α〉 = e− |α|2
2

[
e−iδt/2h̄|ψ0〉 +

+∞∑
m=1

∑
s

αm

√
m!

× b−s,me−i(sεm+mh̄ω− )t/h̄|ψsn〉
]

(B5)

and the results

〈ψ0|σz|ψ0〉 = −1,

〈ψs′m′ |σz|ψsm〉 = (ss′b−s′m′b−sm − bs′m′bsm)δmm′ ,

we obtain

σz(t ) = −e−|α|2
[

1 +
+∞∑
m=1

∑
ss′

|α|2m

m!
b−s′,mb−s,m

× ei(s′−s)εm (bs′mbsm − ss′b−s′mb−sm)

]
. (B7)

Performing the double sum in s and s′ we get

σz(t ) = −e−|α|2
{

1 +
+∞∑
m=1

|α|2m

m!

[(
�̃m

εm

)2

+
(

1 − �̃2
m

ε2
m

)
cos

(
2εmt

h̄

)]}
.

It can be easily checked that this expression reduces to the
result obtained for the pseudospin polarization in irradiated
graphene under perpendicular magnetic fields from Ref. [36]
in the limit λB/(h̄ωc) � 1. Finally, upon of integration of
σz(t ) over one period of oscillation of the radiation field
T = 2π/	, we obtain the result quoted in Eq. (23).

APPENDIX C: CALCULATION DETAILS
OF THE AUTOCORRELATION FUNCTION

We want to evaluate the autocorrelation function C(t ) =
〈�(0)|�(t )〉 for the initial state of the system given by the
coherent state (21). We begin by writing the states in Eq. (6)
in terms of the Floquet basis (17) for which the time evolution
is trivial. We find |α(t )〉 to be

|α(t )〉 = e− |α|2
2

[
e−iδt/2h̄|ψ0〉 + 1√

2

+∞∑
m=1

∑
ss′

αm

m!
(c−smb−s′m

+ ss′csmbs′m)e−i(s′εm+mh̄ω− )t/h̄|ψsm〉
]
. (C1)

Using Eq. (21) and taking into account the orthogonality prop-
erties of the Floquet eigenstates we obtain for C(t ),

Cα (t ) = e− |α|2
2

{
1 + 1

2

+∞∑
m=1

|α|2m

m!

∑
s

e−isεmt/h̄[(csmbsm)2

+ (c−smbsm)2 + (csmb−sm)2 + (c−smb−sm)2

+ 2(csmbsm+c−smb−sm)(csmb−sm−c−smbsm)]

}
.

(C2)
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Performing the summation over s and using Eqs. (7) and (18)
we get the expression quoted in Eq. (27).

APPENDIX D: CALCULATION DETAILS
OF THE PHOTOCONDUCTIVITY

Generalities. We compute the photoconductivity for the
Floquet system using the Kubo formula

σμν (	) = ie2h̄

L2

∑
εa,εb

nF(εb) − nF(εa)

εb − εa

×
[

vab
μ vba

ν

εb−εa−(h̄	+i�)
− vab

ν vba
μ

εb − εa + h̄	 + i�

]
,

(D1)

where the Fermi-Dirac distribution function nF(E ) is given
by Eq. (29). In Eq. (D1), vab

μ represent the matrix elements
of the velocity operator vab

μ := 〈ψa|vμ|ψb〉, where the states
|ψa〉 are given by Eq. (17). We also consider an effective
energy level broadening due to scattering with impurities
with the phenomenological parameter �. This parameter is
considered to be substantially smaller than the photon energy
� � h̄	, which is valid for THz radiation and low impurity
concentration. Note that in the standard Kubo formula (D1),
there are no contributions from the Floquet replicas, and
therefore, the static limit of the conductivity can be obtained
from the limit 	 → 0.

The components of the velocity operator are easily ob-
tained from the equation of motion vμ = [rμ, H (t )]/(ih̄), with
rμ (μ = x, y) being the components of the position operator
and H (t ) given by the full Hamiltonian H (t ) = H0 + V (t ).
The commutator can be calculated trivially and the velocity
thus reads

vμ = 1

m∗ πμ + λεμνzσν, (D2)

where εμνλ is the Levi-Civita symbol. We transform to the
Floquet basis {c†, c} to find

vx = h̄√
2lBm∗ (c† + c) + λσy, (D3a)

vy = h̄√
2ilBm∗ (c† − c) − λσx, (D3b)

where we neglected additive terms proportional to γ [as they
correspond to higher order perturbation terms for σxy(	)].
We compute the matrix elements vab

μ using the eigenstates
in Eq. (17). As expected, the conductivity comes from the
off-diagonal terms of the velocity operator, i.e., vm,m′

μ =
vm

μδm,m′±1, that couple Floquet-Landau levels with quantum
number m differing by one. The explicit calculation of the
velocity matrix elements shows this feature, e.g., the matrix
element for the x component is given by

vm,m′
x = [√

m′Bss′
mm′ + ss′√m′ + 1B−s−s′

mm′
]
δm,m′+1

+ [√
m′ − 1Bss′

mm′ + ss′√m′B−s−s′
mm′

]
δm,m′−1

+ λB

h̄ωc

[
s′Bs−s′

mm′ δm,m′−1 + sB−ss′
mm′ δm,m′+1

]
. (D4)

Here we defined the combination of wave function weights
Bss′

mm′ = bsmbs′m′ . Using that vab
x vba

y = −vba
x vab

y , and taking into

account the cancellation of terms due to products of delta
functions, we obtain Eq. (28) of the main text.

Calculation details for the λB/(h̄ωc) � 1 limit. When the
energy scale related to the Rashba SO interaction dominates
over the cyclotron energy λB/h̄ωc � 1, the Floquet-Landau
spectrum in Eq. (16) reduces to

εsm = sλB

√
m + m2κ2. (D5)

We recognize that λB plays the role of a “graphene-like” cy-
clotron energy with a SO defined cyclotron frequency 	c :=
λB/h̄ = λ

√
2/lB. We consider for simplicity the limit of weak-

coupling to the radiation field κ � 1 and εsm � sh̄	c
√

m.
Using that bsm � 1/

√
2 and considering only the dominating

term proportional to λB in Eq. (D1), we find

σxy(	) � e2

4h

+∞∑
m=0

∑
ss′

nF(εs′m+1) − nF(εsm)

(s′√m + 1 − s
√

m)2 − (
	
	c

+ i �
h̄	c

)2 .

(D6)

In the static limit (	 → 0) with � = 0 this expression reduces
to the result presented in, i.e., Refs. [27,28,53] for single sur-
faces of topological insulators under perpendicular magnetic
field.

This result is not surprising, as we observe that the struc-
ture of the Floquet-Landau eigenstates greatly simplifies when
SO coupling becomes the dominant energy scale compared to
the cyclotron energy. This results in a loss of “memory” of
the interaction with the radiation field in the Floquet-dressed
velocity matrix elements. Consequently, the radiation only ap-
pears in the denominator of Kubo formula, as in the standard
scenario of linear response optical conductivity [28].

Calculation details of the λB/(h̄ωc) � 1 limit. In the limit
of vanishing SO interaction, λB/h̄ωc � 1, the spin σ = ±
becomes a good quantum number (instead of the SO quantum
number s). It is easy to check that we can reintroduce the
picture of Zeeman-split spin polarized Landau levels provided
that we map the energy levels as (m, s) → (mσ , σ ) where
mσ = m − (1 + σ )/2. The eigenenergies (16) then reduce to

εσm = h̄ωc

(
m + 1

2
+ σ

2

�

h̄ωc

)
, (D7)

where we also assume weak coupling to the radiation field.
Using that the coefficients bsm � √

(1 − s)/2, the transverse
conductivity (28) reduces to

σxy(	) � e2

h

+∞∑
m=0

∑
σ

ω2
c

ω2
c − (	 + i�/h̄)2

nF(εσm), (D8)

a result given in Ref. [26] and also reproduced in the main
text. Similar to the case λB/h̄ωc � 1, we observe that if the
SO coupling vanishes the structure of the Floquet-Landau
states becomes trivial. In addition, each state has only + or
− component. Consequently, the coupling to the radiation
field disappears from the velocity matrix elements (as it also
disappears from the Hamiltonian) and the photon energy only
enters in the denominator of the Kubo formula.
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