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Electromagnetic dressing by a high-frequency field drastically modifies the electronic transport
properties on Dirac systems. Here its effects on the energy spectrum of graphene with two possible
phases of Kekulé distortion (namely, Kek-Y and Kek-O textures) are studied. Using Floquet theory
it is shown how circularly polarized light modifies the gapless spectrum of the Kek-Y texture,
producing dynamical band gaps at the Dirac point that depends on the amplitude and the frequency
of the electric field, and breaks the valley degeneracy of the gapped spectrum of the Kek-O texture.
To further explore the electronic properties under circularly polarized radiation, the dc conductivity
is studied by using the Boltzmann approach and considering both inter-valley and intra-valley
contributions. When linearly polarized light is considered, the band structure of both textures
is always modified in a perpendicular direction to the electric field. While the band structure for
the Kek-Y texture remains gapless, the gap for the Kek-O texture is reduced considerably. For this
linear polarization it is also shown that non-dispersive bands can appear by a precise tuning of the
light field parameters thus inducing dynamical localization. The present results suggest that optical

measurements will allow to distinguish between different Kekulé bond textures.

I. INTRODUCTION

Due to its hexagonal symmetry, graphene possess a
double cone linear spectrum!, each of them labeled by
K and K’ at the corners of the corresponding hexagonal
Brillouin zone. As they are separated by a large momen-
tum, these two nonequivalent cones can be considered
independent and be described by an spin-like degree of
freedom: the valley isospin; this provided that any per-
turbation in the system is larger when compared with
the lattice parameter?. There are several mechanisms
that allow to engineer the spectrum of graphene, these
include interactions with substrates®, strain*®, moire
patterns’, adatoms®?, magnetic fields'®'2, and time de-
pendent electromagnetic fields'® '®. In this manuscript,
we study the effect on the band spectrum of the com-
binations of two of these mechanisms. Inspired by the
recent experimental confirmation of a Kekulé Y-shaped
(Kek-Y) phase in graphene when deposited on a Cooper
substrate'®, and the results of density functional theory
calculations that suggest the possibility of obtaining the
Kekulé O-shaped (Kek-O) phase by depositing graphene
on top of a topological insulator' "8, we explore the ef-
fect of irradiating Kekulé distorted graphene with polar-
ized light (linearly and circularly) at normal incidence.
Also, we calculate the dc conductivity using a Boltzmann
formalism!'?2°, which could be suitable to compare with
experiments.

In graphene, we call a Kekulé distortion to a periodic
bond distance modification (local strain) with a spatial
frequency that increases the size of the unit cell to that
of an hexagonal ring of carbon atoms?!. This results in
the merging of the two Dirac cones at the center of the

Brillouin zone, producing either a gap (Kek-O) or the
superposition of two cones with different Fermi velocities
(Kek-Y)?2. There has been several works exploring the
consequences of a Kekulé texture on graphene, specially
after the experimental realization of Gutierrez, et. al'S:
Gamayun et. al demostrated the absence of a gap for a
Kek-Y distortion and deduced the Hamiltonian for both
types of distortions?2. Andrade et. al studied the effects
of uniaxial strain®?, which previously was shown to affect
the formation of the Kekulé pattern®*. Other works have
investigated the electronic transport properties of Kekulé
distorted graphene?® 28, the competition with spin-orbit
interactions??, as well as the consequences of a Kekulé
distortion in analogue systems, where low energy excita-

tions are phonons" or magnons3!+32,

It is well established that electromagnetic radiation can
dramatically change the band structure of an electronic
system33 36, In particular, for Dirac-like systems (with
linear dispersion), it may lead to the creation of gaps and
changes in their topological flavor. One of the first stud-
ies addressing the manipulation of electronic transport by
electromagnetic fields in the so-called Dirac Matter is the
one by Fistul and Efetov®”, they suggested that the dy-
namic gap induced by irradiating graphene with an elec-
tromagnetic field can serve as a way to control the Klein
tunneling in a pn-junction®®. Later, T. Oka and H. Aoki
pointed out the non-trivial character of this gap, and
therefore predicted a photoinduced dc Hall current asso-
ciated with it3. The presence of this gap can be demon-
strated analytically*® 42 and be confirmed using the stan-
dard quantum-field theory approach, where electron-
photon interaction in graphene irradiated by polarized
photons results in a metal-insulator transition®®. These



results extends to other Dirac materials***? like topo-
logical insulators*6, borophene*” %, o — 73 graphene®! 54
and silicene®®. Moreover, although the electronic and op-
tical conductivity that results from the application of an
in-plane electromagnetic field has already been analyti-
cally studied?®, until now the dynamical band structure
of irradiated Kekulé graphene, where the two valley are
nested in the same point, has not been explored yet.

In this paper, we address the general problem of an
electron in a Kekulé distorted graphene under circularly
and linearly polarized light. The circularly polarized
light problem is addressed in the weak field regime, and
the corresponding linear light problem is solved in the
high-frequency regime. We report the quasienergy spec-
trum for both textures, Kek-Y and Kek-O, considering
these two types of polarization. In the case of circularly
polarized light, we show the exact expressions for gap
opening conditions. For linearly polarization light, we
demonstrate that it breaks the angular symmetry in the
quasienergy spectrum. To understand the physical prop-
erties of this system, we calculate the dc conductivity
by using the Boltzmann approach and considering inter-
valley and intra-valley contributions under circularly po-
larized light.

The paper is organized as follows. In Sec. II we intro-
duce the honeycomb lattice of Kekulé distorted graphene,
as well as its low-energy Hamiltonian, and in Sec. III we
compute the quasienergy spectrum by solving the Dirac
equation when an electromagnetic wave is applied nor-
mally to the lattice. Finally, in Sec. IV we calculate the
dc conductivity of Kek-Y distorted graphene under a cir-
cularly polarized electromagnetic wave, and in Sec. V we
present the conclusions of this work.

II. THE CONTINUUM HAMILTONIAN FOR
KEKULE-DISTORTED GRAPHENE

Considering a monolayer of Kekulé-distorted graphene
lying in the plane at z = 0, we define the lattice vec-
tors: a3 = 03 — &1 and as = 83 — do, in terms of
the three nearest neighbors vectors: §; = %(\/3, —1)ao,
0oy = —%(\/g, 1)ag, 05 = (0,1)ap (with the bond length
ap ~1.42A). Thus Kekulé distortions can be described,

in the first neighbor tight-binding Hamiltonian?2,

Hy = — Ztr,lalerr&z +H.e, (1)

7,0

by a bond-density wave
tri/to = 1+2%{Aei(PK++qK—)'51+iG~r—i27r(P+fI)/3}’ (2)

which modifies periodically the hopping amplitudes, ¢, ;,
between an atom at site » = nja; + nsas (ny,ne € Z)
and its three nearest-neighbor sites at r + §;. There,
to ~ 2.7 eV is the hopping amplitude of the unperturbed
C-C bond, A = i?7(+a+m)/3A (p,q € Z3 and m € 7Z)
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FIG. 1. Kekulé distorted honeycomb lattice and dispersion
relation for (a) the Kek-Y (v = 1) and (c) the Kek-O (v = 0)
texture. The red and black lines represent slightly shorter
and longer bond lengths, respectively. For v = 1, the internal
and external cones touch each other at the Dirac point, while
for v = 0 a gap is open, as shown in (b) and (d), respectively.

is the so-called Kekulé parameter??, and G = K, —K_ is
the Kekulé wave vector, with K4 = %’T\/g(:tl, V3)ag the
reciprocal lattice vectors. We can distinguish between
the Kek-O and the Kek-Y textures through the index
v =14 q— p mod 3, where |v| = 1 accounts for Kek-Y
and v = 0 for Kek-O (see Fig. 1).

Using the low-energy approximation, it is possible to
show that the corresponding continuum Hamiltonian for

Kekulé-distorted graphene is??
vo - p AQV
H = ~
-(FL W)

where p = h(ky, ky) is the momentum, o = (0,,0,) is
the Pauli vector, with the Pauli matrices o; acting on
the pseudospin degree of freedom; while the matrix is
expand on the valley degree of freedom, such that the
valley mixing operator @, is defined by

3t00’z if
Ql/ = {

vp(Vpy —ipy)og  if

v =0,

(4)

|V|:1v

with v = 3tgag/h ~ ¢/300 the Fermi velocity in pristine
graphene.



The electronic band structure is obtained by solving
the eigenvalue problem HW¥ = EW¥ in momentum space,
where W is a four-component spinor, which contains the
amplitudes on sublattices A and B for the valleys K and
K'. Therefore the spectrum for graphene with Kek-Y
distortion consists of two concentric gapless Dirac cones
(see Fig. 1(b)),

ES" (k) = nobk(1+ €Ay), (5)

where k = | /kZ + kZ is the total momentum, and the cor-

responding spinors, that depend only on the momentum
direction, 6 = tan~!(k,/k;), are given by

1 —1 —1 i T
Wey(k) = 5 (6™, ene™, me™™, 1) (6)

For graphene with Kek-O distortion, two degenerate
gapped cones are found (see Fig. 1(d)),

E (k) = ny/(vhk)? + (3toAo)?. (7)

Here i = £ denotes the band (conduction or valence, re-
spectively) and £ = =+ correspond to the cone (internal or
external, respectively). The two concentric Dirac cones
in Kek-Y spectrum are characterized by two different ve-
locities, v(1 + Ag) for the internal cone, and v(1 — Ay)
for the external cone.

III. KEKULE-DISTORTED GRAPHENE
UNDER ELECTROMAGNETIC RADIATION

To study the dynamics of charge carriers in Kekulé-
distorted graphene under electromagnetic radiation, we
introduce a minimal coupling p — ® = p — eA in the
low-energy Hamiltonian (3), where A = (A4,, A,) is the
vector potential of the electromagnetic wave, which is
a periodic function of time, and e the electron charge.
Therefore, from the Eq. (3) we obtain

vo-m AQ,
10 = (2007 werw )’ )

with Q,(t) = vp(vm, — imy)og for |v| = 1, where 1, =
D — €Ay and Ty = py — eA,. For v = 0 the operator @,
remains invariant (see Eq. (4)). The Dirac equation for
charge carries is thus given by

ih%\ll(k, t) = H(t)T(k, 1), (9)

where W(k,t) is a four-component spinor. We can write
the Hamiltonian (8) as follow

H(t)=Ho+V(t), (10)
where Hy is given in Eq. (3), and

—evo-A AW, > 7 (11)

vie) = ( AW!  —evo- A

is the external perturbation due to the presence of the
electromagnetic wave, where W,, = —ev(vA, — i4,)oq if
lv] =1,and W, =0if v = 0.

We are interested in deducing the analytical expression
of the Floquet dynamical spectrum of charge carriers.
Therefore, instead of following the standard perturbation
theory, we make the following ansatz*243:56

4
lI’(kv t) = Et/h Z an(kv t),l/}n (t)v (12)

where the quasienergy ¢, and the time-dependent coef-
ficients a,(k,t) are to be determined; while the four-
component spinor ¥, (t) (n € {1,2,3,4}) is the n-th so-
lution of the matrix differential equation,

L d
ih— ¥ (t) = V()3 (1), (13)

with V(¢) defined by Eq. (11). In the ansatz of Eq.
(12), dependence on momentum is contained in the coef-
ficients a,, (k, t) and, according to the Floquet theory®”%%,
¢ describes the dynamical spectrum of quantum systems
exposed to periodic perturbations in time. In the sub-
sequent sections we obtain analytical expressions for the
quasienergies ¢ considering normal incidence of electro-
magnetic radiation with both circular and linear polar-
ization.

A. Circularly polarized light

Consider the normal incidence of a circularly polarized
electromagnetic wave defined by the vector potential,

A= %(cos (Qt), sin (1)), (14)

where FEj is the amplitude of the electric field, taken
as constant, and € is the angular frequency. Also,
we have neglected the third dimension. The corre-
sponding electric field is given by E = —0A/0t =
Ey(sin (Qt), —cos (Qt)). In the following subsections,
we analyze the resulting spectrum for the two kinds of
Kekulé bond textures.

1. Kek-Y texture under circularly polarized radiation

For simplicity, in the Hamiltonian for Kek-Y distorted
graphene we take v = 1 and a real A = Ay; the case with

v = —1 and a complex A can be obtained by an unitary
transformation??.
Here it is convenient to define
- eFEyv
E=—. 15

Since for this case we are interested in the effects of a
weak electromagnetic field, we ask E < 1 such that,

(%) By < 9, (16)
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FIG. 2. Quasienergy spectrum for (a) Kek-Y (v = 1) and

(c) Kek-O (v = 0) textured graphene, irradiated with a weak
circularly polarized electromagnetic wave, such that E < 1.
Here we have defined k, = kyv/Q and ky = kyv/Q. As shown
schematically in (b) and (d) for a cut along the direction k, =
0, two quasienergy band gaps appear at the Dirac point for
the Kek-Y texture, and the valley degeneracy breaks for the
Kek-O texture, respectively. The dotted lines represent the
energy bands in absence of the external electromagnetic wave.
Considering an amplitude of the electric field Fg = 9 V/m,
and a frequency 2 = 0.5 THz, the quasienergy band gaps are
ey, = 1.9442 peV and €5 | ~ 1.9835 peV, for the Kek-Y
texture, and 5%77 ~ 1.6201341 eV and 5%,+ ~ 1.620138 eV for
the Kek-O texture, with de¥, ~ 19.697 neV and de) ~ 1.9639
neV.

which means that the interaction energy between the
electric field and the induced dipole moment ev/€Q, is
smaller than the energy of a photon.

Under these considerations, we obtain analytical solu-
tions of Eq. (9). To this end, we first find the vector
solutions ,, of Eq. (13); later we build the ansatz of
Eq. (12) and substitute it into Eq. (9), to finally find
the coefficients a,(k,t) and the energy eigenvalues e (see

Appendix A). Therefore, the quasienergy spectrum for
Kek-Y distorted graphene irradiated with circularly po-
larized light is

571 = n% (Vo — R T (2ohhP?

+6/(B - hQ)2 + (2A0vhk)2), (17)

where

o = h\/1+ (2B, (18)
8= h0\/1+ (280 E)2. (19)

In Appendix A, we show the corresponding four-
component spinors. The resulting quasienergy spectrum
is shown in Fig. 2(a), therein, we have considered Ey = 9
V/m and Q = 0.5 THz, with the Kekulé parameter
Ag = 0.1. Tt can be seen that two different quasienergy
band gaps appear at the Dirac point, one for the external
cones (shown schematically in green in Fig. 2(b))

e _=a-B=n0 (\/1 + (2E)2 — \/1 + (2AOE)2> ,
(20)
and another one for the internal cones (shown schemati-
cally in blue in Fig. 2(b))

ey L =% _ +20e5. (21)

The gap between the concentric cones is obtained from

6ed = B — hQ = hQ <\/1 + (2A0E)2 — 1) . (22)

The previous results have a simple interpretation. Let
us expand up to first order in E to find,

e 4 ~2hQ(1 + AF)E?. (23)

Now consider the pristine graphene case Ay = 0 which
results in de3, = 0 and a gap €% = 2hQE?. This repre-
sents a transition from a valence state at quasienergy
—e%,/2 to a final state in the conduction band with
quasienergy e%,/2. The transition is induced by res-
onant photon absorption of energy 2if) in the very
weak field case, obtainable also with usual perturbation
techniques?®. Higher order terms F given by the Floquet
theory are a dressing of the transition. As expected, such
dressing is small yet is vital in Floquet theory as other-
wise the solution lies in a gap and thus is unstable. By
turning on the Ay Kekulé ordering parameter, we have a
small detuning due to the spatial modulation. This pro-
duces satellite peaks around each resonant frequency of
the non-modulated system, a phenomena akin to beating
in classical physics®®60,



2. Kek-O texture under circularly polarized radiation

To study the dynamical spectrum of charge carriers
in Kek-O (v = 0) textured graphene under circularly
polarized light, we proceed as before (see Appendix A),
we consider a weak electromagnetic field and obtain the
following gapped quasienergy spectrum,

5" (k) = n%\/ (6tgAg — Ea + ERN)2 + (2uRk)2.  (24)

We can see that the there is no degeneration when com-
pared with the spectrum in the absence of external field.
The quasienergy spectrum now consists of two concen-
tric cones with different gaps at the Dirac point. For the
external cones we find a gap given by

el _ = 6tgAg—a+hQ = 6loAg+hif2 (1 —\/1+ (2E)2> ,

(25)
and for the internal cones

el . = 6toAg+a—hQ = 6tgAg—hQ2 <1 -1+ (215“)2) ;

(26)
with the gap between the concentric cones given by

5e% = o — Q. (27)

as shown schematically in Fig. 2(d).

The quasienergy spectrum for the v = 0 Kek-O texture
under circularly polarized radiation in the weak electro-
magnetic field regime (15) is shown in Fig. 2(c), where
we have considered Fyp =9 V/m and 2 = 0.5 THz, with
the Kekulé parameter Ay = 0.1.

From Egs. (25) and (26), we obtain that,

ed, L ~ 6tgAg £ (2hQ) E°. (28)

Up to order zero in E the result is just the same static
gap 6tgAg already present in the system without radi-
ation. Then we have the transition from the valence to
conduction band induced by the photon with energy 2h£)
as in Eq. (23).

B. Linearly polarized light

Considering normal incidence of a linearly polarized
electromagnetic wave defined by the vector potential

A= %(COS (Qt), 0), (29)
where for simplicity we consider the polarization along
the & direction, and again we have neglected the third
dimension. The corresponding electric field is given by
E = —0A/0t = —FEy(sin(Qt), 0). In the next subsec-
tions we show the resulting spectrum for the two kinds
of Kekulé bond texture.

1. Kek-Y texture under linearly polarized light

Consider a Kek-Y textured graphene irradiated with
linearly polarized light, again we take v = 1 and a real
A = Ay. For this case, we are interested in the high fre-
quency regime, such that the energy of a photon is larger
than the energy of charge carriers in pristine graphene,

vhk < B (30)

We can analytically solve the Dirac Eq. (9) under the last
considerations (see Appendix B) and obtain the following
gapless quasienergy spectrum

ey (k) = nvhk(\/0082 (0) + J2(2E) sin” (6)

+&Ag \/c052 (0) + J2(2A0E) sin® (6)),
(31)
where Jy(z) is the Bessel function of the first kind.

Fig. 3(a) shows a cut of the spectrum along the k,
direction. As can be seen from Eq. (31), for this parallel
direction there is no change in the spectrum; this holds
even without taking the high frequency approximation
as for @ = 0 we obtain £5"(k) = ES"(k). This means
that transitions are not induced by the external field as
for this kind of light the symmetry is not broken. For
any other direction of momentum, the application of the
linearly polarized light results in a direction-dependent
Fermi velocity, as shown schematically in Fig. 3(b).

The change in the direction-dependent Fermi velocity
can be obtained by developing the square root in Eq.

(31),
eY"(k) ~ B (k) + nAv(9)hik, (32)

where,

J2(2E) 4 €00 J2(2A0E)
2

Av(h) = — 1] sin®(0). (33)

Notice that for linearly polarized light, we do not need
to assume F < 1, thus in Eq. (31) the system can reach
the condition J0(2E) =0 or JO(2A0E) = 0. A zero of
the Bessel function will imply a band nearly flat in the
direction § = +/2.

2. Kek-0 texture under linearly polarized light

Finally, for Kek-O (v = 0) textured graphene under
linearly polarized light under the high frequency regime,
we found the following degenerate gapped quasienergy
spectrum

el (k) = n{(vhk)2 [cos? (0) + JR(2E) sin? (0)]

+ (3t0A0)2J§(2E)}1/ ’ (34)



FIG. 3. Schemes of the quasienergy spectrum of Kek-Y dis-
torted graphene with a cut along (a) the k, direction, and (b)
the k, direction, irradiated with a linearly polarized electro-
magnetic wave in the high frequency regime (30). Similarly,
it is shown a cut of the quasispectrum of Kek-O distorted
graphene along (c) the k; direction, and (d) the k, direction.
Here, the dotted lines represents the energy bands in absence
of the external wave. It is shown how the spectrum is mod-
ified perpendicular to the direction of polarization, and how
the natural energy gap in the Kek-O distorted graphene is
reduced.

We note that for this case, the incidence of radiation is
equivalent to perform k, — |Jo(2E)|k,, and to modify
the band gap by a factor, Ag — \JO(ZE)|A0, such that
the quasienergy band gap is €} = 6toAg|Jo(2E)|. The
quasienergy spectrum for Kek-O textured graphene un-
der linearly polarized radiation is shown schematically in
Figs. 3(c)-(d). Whenever Jo(2F) = 0, the quasispectrum
becomes gapless, then we have that,

el (k) = nuhk cos § = nohk,. (35)

This also shows that for § = +7/2 a non-dispersive band
is observed. Which means that electrons are localized in
the y direction. Hence, we can find the value of the elec-
tric field to obtain this non-dispersive band. If we take
into account the first root of the Bessel function Jy(2F),
this condition implies that 2F ~ 2.405, and therefore us-
ing Eq. (15) with a high-frequency Q = 1713 THz, we
find Ey A2 2.32 V/nm. These values of intensity and fre-

quency for the electromagnetic field can be achieved, for
example, using a Ti:sapphire laser (650 - 1100 nm) with
a power per unit area of 7.16 x 1073 W /nm?, as in recent
graphene photocurrent experiments®°2,

IV. DC CONDUCTIVITY

As is now well established, light changes a 2D material
conductivity3. It is interesting to explore such photo-
conductivity effect for the studied system. As an example
we will calculate the dc conductivity of the Kek-Y (v = 1)
distorted graphene under circularly polarized radiation.
This calculation is made using the Boltzmann transport
theory!?2? which requires the introduction of a relax-
ation mechanism. Here is taken as random-distributed
delta function scatters such that the scattering potential
is written as follows*6

N
Ur) = Z Upd(r —r5), (36)

with 7 the position vector. It is important to remark that
in Kekulé-distorted graphene the Brillouin zone is folded
and the two Dirac cones are brought into the center, as
mentioned before. Consequently, electronic transitions
between states in the two valleys are now possible (inter-
valley transport), in addition to those between states in
a single valley (intra-valley transport). The probability
of horizontal transitions of conduction electrons (n = +)
between the cone £ with wave vector k, and the cone
¢ with wave vector k', per unit time, is calculated using
the Born scattering expression?%3 and has the following
form

’ 2’]‘(‘ ’ ’
Wi = TGP Uk P8 (5 F (F) = § 7 (), (37)
where
Nk = DU ) (0 (k) (38)
n=1

with each b5%(k) given in Appendix A, and the
square modulus of the matrix elements of the scattering
potential® is given by

2
1 N N
Ui = /Ad%e“"f—"c >"‘U(r)‘ =202, (39)

A A

where A is the sample area and N4 = N/A is the density
of impurities.

If we apply a stationary electric field E to the sample,
the Boltzmann equation for the current density at zero
temperature and a Fermi energy € in the conduction
band is given by

I3 g [ B0 1)),

(40)
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FIG. 4. dc conductivity of the Kek-Y distorted graphene un-
der circularly polarized radiation as a function of the irradi-
ance I (where Iy = egEgc/2). (a) shows the behavior of the
dc conductivity for different values of the Kekulé parameter
Ao with e = 0.15 meV. Notice how in the limit of Ay — 0 we
recover the dc conductivity of graphene®?. In (b), we show the
behavior of the conductivity for different values of the Fermi
energy and Ao = 0.15. In both panels, oo (4he?v?/mNAUZ)
is the dc conductivity in graphene when Iy = 0. The photon
energy of the polarized wave has a value A2 = 4 meV.

where v (k) = (1/h) Vel (k) is the group velocity and
T¢(k) is the relaxation time, which in the more general
case is written as the following integral equation®?

L _ ZA/ko | TR (E - ve (k) ws g,
k) % () (B - ve (k)

(41)
The sum in Eq. (40) runs over the initial states, and
the sum in Eq. (41) runs over the final states. Given
the azimuth symmetry, we consider an electric field in
the & direction E = (E,, 0), such that the conductivity
will be given by o = J,/E,. The subsequent steps to
calculate the current density as well as the relaxation
time are shown in Appendix C. It is found that the dc

1.0 =0 1
I —— Iy =3 W/cm? |
0.8 —— I, =6 W/cm? |

1.0 =0 1
[ —— I, =3 W/cm? |
0.8 —— I, =6 W/cm? |

00 01 02 03 04 05

FIG. 5. Relaxation time as a function of the Kekulé param-
eter Ag for different values of the irradiance Iy (eoEgc/2)
and ep = 0.15. (a) shows the relaxation time for transitions
with the internal cone as the initial state (( = +). The in-
set shows a horizontal cut in the quasispectrum to illustrate
two possible horizontal transitions. In (b), we show the relax-
ation time with the external cone as the initial state (£ = —).
In the same way, the inset shows the two possibles horizon-
tal transitions. In both panels, we use 79 = 4h3v2/EFNAU§
which corresponds to the pristine graphene relaxation time
when Iy = 0.

conductivity has the following form
2
e
o= Z %kgrg(k%)vg(k%), (42)
13

where k% is the Fermi wave vector such that 5§{+(k%) =
er, and vg(k) = |ve(k)|. Also, we have considered the
spin degeneracy (factor 2). In Fig. 4(a) we show the
conductivity at different values of Ay and the graphene
limit Ay — 0, recovering previous results*?. Also, in Fig.
4(b) we show the conductivity with a fixed Kekulé pa-
rameter Ag for different values of the Fermi energy. As
expected, Fig. 4(a) shows that the Kekulé bond pattern
decreases 0. Moreover, in the limit Ag — 1, the conduc-



tivity goes to zero. In this limit, the hopping amplitude
of the longer bonds in Fig. 1 (a) is zero resulting in a
disconnected lattice of red Y bond patterns. Therefore
the conductivity is zero.

By looking at Eq. (42), is clear that o is modified
mainly by the new relaxation scattering channels, a typ-
ique result for modulated systems®>%¢. Notice that in
Eq. (42) two kinds of relaxation appear. In one kind,
the initial state is the internal cone. Then the electron
can be scattered into a state in the same cone or into a
state in a different cone. These transitions are sketched
out by the cuts of the energy dispersion seen in Fig. 5
(a). For pristine graphene, the relaxation between dif-
ferent cones is forbidden while here is allowed. In the
other kind, the initial state is in the external cone. The
corresponding relaxation times are given in Egs. (C13)
and (C14) for a fixed Fermi energy. In Fig. 5 we show
the relaxation time as a function of the Kekulé parameter
Ay for different values of the irradiance of the external
electromagnetic wave. Observe that for Iy = 0, the re-
laxation time decreases as a function of Ay explaining
the results of Fig. 1.

V. CONCLUSIONS

We studied the effects of normal electromagnetic radi-
ation on Kekulé distorted graphene. We presented ana-
lytical expressions for the quasienergy spectrum for both
textures, Kek-Y and Kek-O, and considering two types

of polarization, circular and linear. Circularly polarized
radiation opens a gap in the otherwise gapless spectrum
of Kek-Y distorted graphene, while it breaks the valley
degeneracy in the gapped spectrum of Kek-O textured
graphene. To further characterize these gaped systems
we calculated, by using the Boltzmann approach, the dc
current as a function of the field intensity, considering
inter- and intra-valley contributions. We found that the
total conductivity is decreased by the Kekulé distortion
as relaxation times are decreased due to the new open
scattering channels, as for example transitions between
the internal and external cones. On the other hand,
linearly polarized radiation does not open a gap in the
Kek-Y distorted graphene, but modify the gap in Kek-O
graphene. Moreover, it breaks the angular symmetry in
the quasienergy spectrum for both textures. An interest-
ing result is that for linear polarization, non-dispersive
bands can appear by a precise tuning of the light field
parameters, thus inducing dynamical localization. In all
cases we successfully recover the expressions for pristine
irradiated graphene? in the limit Ag — 0.
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Appendix A: Circularly polarized light

We detail below the procedure to obtain the quasienergy spectrum and the corresponding spinors of Kek-Y (v = 1)
distorted graphene under circularly polarized light. We start from the Eq. (13) expressed as

ih%qp(t) = —ev{(AwT) ® po + Aoy ® (A~u)}¢(t), (AD)

where A is given by Eq. (14) and with an extra set of Pauli matrices p; acting on the valley degree of freedom. To
solve the previous equation, we make the following ansatz

P(t)

where € is a characteristic exponent, ¢ is a four-component spinor and U (t) is a unitary transformation given by

= e T (1), (42)

e 00 0
0 10 0
Ut) = 0 01 0 (A3)
0 00 e
Substituting Eq. (A2) into Eq. (A1) (with a real A = Ag) we find
1 E AE 0
E 0 0 AgE
—hQ AvE 0 0 l% p=cp, (A4)
0 AE E -1



where E = eFEqv/hQ2.
Analyzing the eigenvalue problem of Eq. (A4) we find € and ¢. Hence, Eq. (A2) is expressed as

ge= % /(a + nhQ)(B + EnhQY)

_ _ e gny/la = nhQ) (B + EnhdY)
P = Vel =507 | et ehe) | )

e/ (a —nhQ) (B — EnhQ)

with £ = +, n = £, n € {1,2,3,4}, according to the prescription 1, (t) = (1), ¥o(t) = P_ _(t), P3(t) =p_ (1)
and 1 4(t) = 1, _(t); and we have defined the following constants

a=h0/(2E)2+1, B=h0/(2A0E)% +1. (A6)

Now, keeping in mind Eq. (A5) in Eq. (12), the Dirac equation (9) for each coefficient a,(k,t) is
4
L d i
i (k1) = 3 [zpm(t)Hown(t)]an(k,t) —cam(k,t),  me{1,2,34). (A7)
n=1

Here we focus on the weak electric field regime, therefore we thus assume that E <1, or alternatively a ~ hQ) and
B = hQ. Under this condition the Eq. (A7) is reduced as

4

zh%am(k, t) = Z Hmn(t)an (k7 t) - gam(k, t)7 (Ag)

n=1

where Hi,,, (t) ~ 4! (t)Hot, (t) are the elements of the matrix

m

0 e—illa=hQ)t/nt0] A —il(3-hQ)t/n+0) 0
il(a—hQ)t/h+0] 0 0 A p—il(B=hQ)t/h+6]
(& n€
H(t) = vhk Ageil(B=ns)t/h+6] 0 0 o—illa—hyt/hto] | - (A9)
0 Aoei[(ﬁfﬁﬂ)t/thO] eil(a—n)t/h+0] 0

The next step is to find the quasienergy spectrum e. Therefore, we assumed that each coefficient a,,(k,t) in Eq.
(A8) can be expressed as

n=1
where
ei(QHflfafﬁ)t/Qﬁ 0 0 0
0 ei(a—ﬁ)t/Zﬁ 0 0
U(t) = 0 0 (i(B—a)t/2h 0 ) (A11)
0 0 0 etla+B—2nQ)t/2h

is a unitary transformation. Introducing Eq. (A10) into (A8) we get the following eigenvalue problem

b1 (k) RQ — (a+ B)/2 vhke ™ wvhkAge™ 0 b1 (k)

ba(k) | vhke® (a—p)/2 0 vhkAge™" ba(k) A2
o) | = | onkAge 0 (B—a)2  vhke=" ba (k) (A12)

ba(k) 0 vhkAge?  vhke®  (a+ B)/2—h2) \bs(k)

Considering a non-trivial solution in the previous equation, we arrive at the gapped quasienergy spectrum for Kek-Y
distorted graphene under electromagnetic radiation

(k) = n% (Ve =h2+ @ulk)? + €/ (B = h)” + (2B0uhk)?), (A13)
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and the final four-components spinors of Eq. (12) have the following form

b5 (k)
em &1

Wk ) = S B .

by (k)

where
b(R) = Ne™2 280 { [ /2 = 8" (0)] [, 1. /2 = €47 ()] — (A3 — 1)(wnk)? | (A15)
b5 (k) = N2e 0 Aguhkey (k), (A16)
U e~ "vhk 9 X 9 X

b5 (k) = Nm {[sY’, /2= (B)][(A3 = 1)e , /2 — (A2 + 1)y (k)] — (A - 1)2(vhk)2} (A17)
b5 (k) = N { = [ _/2 = G (0] [ /2 + 47 ()] + (AF - 1)(whk)?} (A18)

and N a normalization constant. It is important to remark here that in absence of the external electromagnetic field,
the spinors of Eq. (A14) coincide with the solution of unperturbed Kek-Y distorted graphene (6).

A similar procedure can be followed to compute the quasienergy spectrum for the v = 0 Kek-O distorted graphene
under circularly polarized light. The expression for this spectrum is given in Eq. (24).

Appendix B: Linearly polarized light

Similarly to the Appendix A, in this part we show the main results to obtain the quasienergies spectrum for the
v =1 Kek-Y distorted graphene (with a real A = Ag) under linearly polarized light. From Eq. (13) and using the
vector potential (29), we find

0 1 Ag O

L d - eEyv 1 0 0 A

zhaw(t)——icos(ﬁt) Ag 0 0 1 Ph(t). (B1)
0 Ag 1 0

The last expression can be easily solved by integration, hence the solution is

1 o

inE sin 1

Bo(t) = e, () = 3¢ nE(1+€A0) sin(2t) 577771 7 (B2)
1

with £ =+, n ==, and n € {1,2,3,4} as in Eq. (A5).
Now according to the Floquet theorem, Eq. (12) is a periodic function of time with period T = 27 /€. Therefore,
we can express each coefficient a;(k,t) as a Fourier series

o0

aj(k,t)= Y e™Mf(k),  je{1,2,3,4}. (B3)

m=—0o0

with these coefficients, we can write the sum in Eq. (12) to later substitute into the Dirac equation Eq. (9) and obtain

oo o0

4
ST e - ma]em k) = S0 N e, (Rl How,, (1), (B4)

m=—0o0 =—00

To obtain the eigenvalues ¢ from this expression, we expand the exponential in t; and 1, (see Eq. (B2)), using the
Jacobi-Anger expansion

@) = 3 (2)e?, (B5)

S§=—00
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where Js(z) is the s-esim Bessel function of the first kind. After using the orthogonality condition in the time
dependent exponentials, we get

4 0o
[E—th fjm Z Z Js jnfnm s( )+K:jnfn,m(k) ) (BG)

n=1 Ls=—o0

where K;, and (Js)jn are the elements of the matrices

1+ Ay 0 0 0
K = vlik cos(0) 8 AOO_ 1 ! _0 A 8 , (B7)
0 0 0 —(1+Ap)
and
0 —Js(—2E) —AoJs(—2A0E) 0
o Js(2F) 0 0 —AoJs( = 2A0E)
Js = tvhksin(0) Ay (QAOE) 0o 0 (- ZE’) ; (B8)
0 Ao Js(2A0E) Js(2E) 0
respectively.

Here we focus on the high-frequency field, this condition implies (¢/k2) ~ 0 and (vk/§) ~ 0. Then, Eq. (B6) can
be reduced as

_thfj, Z Z \75 ]nfnm s( ) (Bg)

n=1s=—o0

The normalization condition implies that |f; (k)| < 1, and the Bessel functions obey |Js(2)| < 1. Keeping this in
mind, as previous reported*?, the last equation leads to fjm=0 =~ 0. Therefore it is possible to neglect all the Fourier
coefficients except for m = 0. Under these considerations, Eq. (B6) is reduced to the following eigenvalue problem

(k)
(cLia — K~ ) f“EZ; o0, (B10)
1,0(k)

where [5x4 is the identity matrix.
Finally, considering a non-trivial solution in Eq. (B10), we arrive at the gappless quasienergy spectrum for the
Kek-Y distorted graphene under linearly polarized light,

" (k) = nuhk <\/C082 (0) + J2(2E) sin® (0) + on\/cos2 (0) + J2(2A0E) sin® (9)) . (B11)

A similar procedure can be followed to compute the quasienergy spectrum for the v = 0 Kek-O distorted graphene
under linearly polarized light. The expression for this spectrum is shown in Eq. (34).

Appendix C: dc conductivity

In this Appendix, we show the relevant calculations to obtain the current density, the relaxation time, and the
conductivity for the Kek-Y distorted graphene under circularly polarized light.

First, in order to calculate the dc conductivity we introduce a stationary electric field to the Kekulé-distorted
graphene sample. For simplicity, we assume an electric field along the & direction E = (E,, 0). The Boltzmann
equation for current density at zero temperature and a Fermi energy e in the conduction band (n = +) is given by

J = Z

[ (B )0 05 1) ). ©
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where e is the Fermi energy, ve(k) = (1/h)Vk5§(’+(k:) is the group velocity, and 7¢(k) is the relaxation time, which
in the more general case in polar coordinates is given by

1 , |y TR (E-ve(K) | e
Tg(k (2m)2 /d9 /kdk ll e (k) (E - ve(k)) ki (©2)

where wi, is the probability of horizontal transitions of conduction electrons between the cone ¢ (initial state) with
wave vector k, and the cone ¢ (final state) with wave vector k', per unit time. The sum in Eq. (C1) runs over the
initial states, and the sum in Eq. (C2) runs over the final states.

Second, we calculate wil,,f using the four-component spinors of the Kek-Y distorted graphene under circularly
polarized light (A14)

’ 2w / ’
Wik = G PP Uk (=5 T () = 37 (k) (C3)

where
x5 Zb“ ) (b5 (k)" (C4)

such that
’ ! ! 2 ! !
IXERIE = (105 1105 (k)| + 185 (RIS ()] 1057 RPIBE+ (I + 165 k1) 2105 (k) 2
265 R 165 ()] -+ 105 (k) 185+ ()1 5 1) 165 ()] cos(0” — )

2005 R 165 () 105 (R 1B (k) 4+ 165 ()15 ()] | cos(@” — 0) -+ 65 (") 165 (k) | cos(20” — 20) },
(C5)

and |Upg|? = 22U according to Eq. (39). Now, considering that the relaxation time does not depend upon the

angle 6, from Eq. (C2) we can find two relaxation times. If we consider the internal cone as the initial state (£ = +)
we obtain

1 NaUg k= T— (k7 )v_(k™)

NaUZ k&
3

n e o [P T @ O T e <
and if now we chose the external cone as the initial state (£ = —),
1 NaU3 k[ gD L ] NalR ko
T_(ki) T T2 11+(]<i+) _Fl(k ak) T_(k)’l}_(k‘) FQ(k 7k)_ + 12 U_(k)l—‘d (k)v (07)
where
D, R) = (105 EBE ()] + 1057 RS (9)]) -+ b R (6) + 167 R)P I ()P, (C8)
Do, &) = (I3 ()b @)+ o ) 1o @) (105 @lor @)+ o w)lbe* @)1)) (C9)
P e) = (1657 (P 4 155 R)P) b5 ()l + I (o) — (0 ()P 03 ()2) (165 (1) 5+ )P

(C10)

We defined the wave vectors k such that e\ (k) = ey’ (k), and k~ with ey"" (k™) = e5' " (k). The explicit forms
of k* and k~ are given by the following expression

= vh(l%Az{ A ONEINTES + (1= AB)[(B - hQ)? — (a — hQ)2AZ]

1/2
+ (14 AT (k) —<e%,_/2><s%7+/2><1—A3>} : (C11)
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For a fixed Fermi energy ep, the Fermi wave vectors k}. and k. are defined such that 5$+(k;£) = 5;’+(k;) = ¢F.
Then, we notice that Eqs. (C6) and (C7) form a system of algebraic equations for 74 (k) and 7_(kj), that is to say

1 NAUZ k™ [ v T(kp)v—(kp) o NAUE  kf n
= — Fl(k 7k )_—FZ(k 7k ) =+ F3(k )7
kg M o) L T e () 2T TR gy
L NaU§ ki { vy T(kp)ve (k) —] NaU§ _ kp -
= Ti(kp k) — ———To (k7 k —T'3(k). C12
U3 R = T = R M o R
By solving the system we obtain,
h? _ _ _ _ _ -
i (k5) = g t= (kv (KE) {0 (k) [T (ks k) KTk )] + v (k) ki T (k) |
0
1 { for (WERETL (K K7) + o- (R TS (0)] [0 (ki AT (k5 k) + v (REDRE TS (k)]
_ _ _\217t
+ v (kfJo- (k)R kg [Da(kf, R)] (C13)
and
_ h? _ _ _ _ _
T (kp) = WU*(kF)UJr(k;){UJr(k;)[kjFrl(k;’kF) + k;il"g(k;i,kF)] + v,(k:F)k:}Fng(k})}
0
< { [o- (kDA (b, ki) + v (KR T3 (k)] [ (KRR (K k) + o (ki AT (k)]
_ _ _21 !
+ v (kg o (e kf [Ta(hF, k7)) } (C14)
Now, we consider the J, component of the current density in polar coordinates
eQEI 27 oo 5 9 5
szgw/o d@/o kdk e (k)vZ (k) cos®(0)6 (3" (k) — er). (C15)
By solving the last integral we obtain
By e ey ¢
Je=_ o Wieme (ki) ve (k). (C16)
3

where we have considered the spin degeneracy (factor 2). Finally the dc conductivity is given by o = J,/E, (see Eq.

(42)).

* vickkun@fisica.unam.mx

1 A. H. Castro Neto, F. Guinea, N. M. R. Peres, K. S.

Novoselov, and A. K. Geim, Rev. Mod. Phys. 81, 109

(2009).

M. I. Katsnelson and M. I. Katsnelson, Graphene: carbon

in two dimensions (Cambridge university press, 2012).

3'S. Y. Zhou, G.-H. Gweon, A. Fedorov, d. First, PN,
W. De Heer, D.-H. Lee, F. Guinea, A. C. Neto, and
A. Lanzara, Nature materials 6, 770 (2007).

4 M. A. Vozmediano, M. Katsnelson, and F. Guinea, Physics
Reports 496, 109 (2010).

5 B. Amorim, A. Cortijo, F. De Juan, A. Grushin, F. Guinea,

A. Gutiérrez-Rubio, H. Ochoa, V. Parente, R. Roldén,

P. San-Jose, et al., Physics Reports 617, 1 (2016).

G. G. Naumis, S. Barraza-Lopez, M. Oliva-Leyva, and

H. Terrones, Reports on Progress in Physics 80, 096501

(2017).

7 L. Ponomarenko, R. Gorbachev, G. Yu, D. Elias, R. Jalil,

A. Patel, A. Mishchenko, A. Mayorov, C. Woods, J. Wall-
bank, et al., Nature 497, 594 (2013).

8 M. Bianchi, E. D. L. Rienks, S. Lizzit, A. Baraldi, R. Balog,
L. Hornekzer, and P. Hofmann, Phys. Rev. B 81, 041403
(2010).

9 K. Kaasbjerg and A.-P. Jauho, Phys. Rev. B 100, 241405
(2019).

10 K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang,

Y. Zhang, S. V. Dubonos, I. V. Grigorieva, and A. A.
Firsov, science 306, 666 (2004).
117 Jiang, E. A. Henriksen, L. Tung, Y.-J. Wang,

M. Schwartz, M. Y. Han, P. Kim, and H. L. Stormer,
Physical review letters 98, 197403 (2007).
12 F. Guinea, A. C. Neto, and N. Peres, Physical Review B
73, 245426 (2006).
A. Eckardt and E. Anisimovas, New journal of physics 17,
093039 (2015).
14 H. L. Calvo, H. M. Pastawski, S. Roche, and L. E. F. F.


mailto:vickkun@fisica.unam.mx
http://dx.doi.org/ 10.1103/RevModPhys.81.109
http://dx.doi.org/ 10.1103/RevModPhys.81.109
http://dx.doi.org/ 10.1103/PhysRevB.81.041403
http://dx.doi.org/ 10.1103/PhysRevB.81.041403
http://dx.doi.org/10.1103/PhysRevB.100.241405
http://dx.doi.org/10.1103/PhysRevB.100.241405

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35
36

37

38

39
40

41

42

43
44

45

Torres, Applied Physics Letters 98, 232103 (2011).

G. Usaj, P. M. Perez-Piskunow, L. E. F. Foa Torres, and
C. A. Balseiro, Phys. Rev. B 90, 115423 (2014).

C. Gutiérrez, C.-J. Kim, L. Brown, T. Schiros, D. Nord-
lund, E. B. Lochocki, K. M. Shen, J. Park, and A. N.
Pasupathy, Nature Physics 12, 950 (2016).

Z. Lin, W. Qin, J. Zeng, W. Chen, P. Cui, J.-H. Cho,
Z. Qiao, and Z. Zhang, Nano letters 17, 4013 (2017).

Z. Tajkov, D. Visontai, L. Oroszlany, and J. Koltai,
Nanoscale 11, 12704 (2019).

G. D. Mahan, Many-particle physics, 2nd ed., Physics of
solids and liquids (Plenum Press, 1990).

P. L. Rossiter, The Electrical Resistivity of Metals and Al-
loys (Cambridge Solid State Science Series) (1991).

C.-Y. Hou, C. Chamon, and C. Mudry, Physical review
letters 98, 186809 (2007).

O. V. Gamayun, V. P. Ostroukh, N. V. Gnezdilov,
I. Adagideli, and C. W. J. Beenakker, New Journal of
Physics 20, 023016 (2018).

E. Andrade, R. Carrillo-Bastos, and G. G. Naumis, Phys.
Rev. B 99, 035411 (2019).

L. Gonzélez—Arraga, F. Guinea, and P. San-Jose, Phys.
Rev. B 97, 165430 (2018).

S. A. Herrera and G. G. Naumis, Phys. Rev. B 101, 205413
(2020).

E. Andrade, R. Carrillo-Bastos, P. A. Pantaleén, and
F. Mireles, Journal of Applied Physics 127, 054304 (2020).
J. J. Wang, S. Liu, J. Wang, and J.-F. Liu, Phys. Rev. B
98, 195436 (2018).

Q.-P. Wu, L.-L. Chang, Y.-Z. Li, Z.-F. Liu,
Xiao, Nanoscale Research Letters 15, 1 (2020).
Z. Tajkov, J. Koltai, J. Cserti, and L. Oroszlany, Phys.
Rev. B 101, 235146 (2020).

Y. Liu, C.-S. Lian, Y. Li, Y. Xu,
Rev. Lett. 119, 255901 (2017).

P. A. Pantale6n, R. Carrillo-Bastos, and Y. Xian, Journal
of Physics: Condensed Matter 31, 085802 (2019).
C. Moulsdale, P. A. Pantaleén, R. Carrillo-Bastos,
Y. Xian, Physical Review B 99, 214424 (2019).

T. Oka and S. Kitamura, Annual Review of
Condensed  Matter  Physics 10, 387  (2019),
https://doi.org/10.1146 /annurev-conmatphys-031218-
013423.

M. S. Rudner and N. H. Lindner,
arXiv:1909.02008 (2019).

0. V. Kibis, EPL (Europhysics Letters) 107, 57003 (2014).
S. Morina, O. V. Kibis, A. A. Pervishko, and I. A. Shelykh,
Phys. Rev. B 91, 155312 (2015).

M. V. Fistul and K. B. Efetov, Phys. Rev. Lett. 98, 256803
(2007).

S. V. Syzranov, M. V. Fistul,
Rev. B 78, 045407 (2008).

T. Oka and H. Aoki, Phys. Rev. B 79, 081406 (2009).

F. J. Lépez-Rodriguez and G. G. Naumis, Phys. Rev. B
78, 201406 (2008).

F. Lpez-Rodrguez and G. Naumis, Philosophical Magazine
90, 2977 (2010).

K. Kristinsson, O. V. Kibis, S. Morina, and I. A. Shelykh,
Scientific reports 6, 20082 (2016).

O. V. Kibis, Phys. Rev. B 81, 165433 (2010).

M. Busl, G. Platero, and A.-P. Jauho, Phys. Rev. B 85,
155449 (2012).

M. Glazov and S. Ganichev, Physics Reports 535, 101

and X.-B.

and W. Duan, Phys.

and

arXiv preprint

and K. B. Efetov, Phys.

46

47

48

49

50

51

52

54

55

56

57

58

59

60

61

62

63

64

65

66

14

(2014), high frequency electric field induced nonlinear ef-
fects in graphene.

D. Yudin, O. V. Kibis, and I. A. Shelykh, New Journal of
Physics 18, 103014 (2016).

A. E. Champo and G. G. Naumis, Phys. Rev. B 99, 035415
(2019).

V. G. Ibarra-Sierra, J. C. Sandoval-Santana, A. Kunold,
and G. G. Naumis, Phys. Rev. B 100, 125302 (2019).

J. C. Sandoval-Santana, V. G. Ibarra-Sierra, A. Kunold,
and G. G. Naumis, Journal of Applied Physics 127, 234301
(2020), https://doi.org/10.1063/5.0007576.

A. Kunold, J. C. Sandoval-Santana, V. G. Ibarra-Sierra,
and G. G. Naumis, Phys. Rev. B 102, 045134 (2020).

B. Dey and T. K. Ghosh, Phys. Rev. B 98, 075422 (2018).
A. Turov, G. Gumbs, and D. Huang, Phys. Rev. B 99,
205135 (2019).

B. Dey and T. K. Ghosh, Phys. Rev. B 99, 205429 (2019).
M. A. Mojarro, V. G. Ibarra-Sierra, J. C. Sandoval-
Santana, R. Carrillo-Bastos, and G. G. Naumis, Phys.
Rev. B 101, 165305 (2020).

M. Ezawa, Phys. Rev. Lett. 110, 026603 (2013).

O. V. Kibis, K. Dini, I. V. Torsh, and I. A. Shelykh, Phys.
Rev. B 95, 125401 (2017).

J. H. Shirley, Phys. Rev. 138, B979 (1965).

J. C. Sandoval-Santana, V. G. Ibarra-Sierra, J. L. Cardoso,
A. Kunold, P. Roman-Taboada, and G. Naumis, Annalen
der Physik 531, 1900035 (2019).

G. G. Naumis, C. Wang, M. F. Thorpe, and R. A. Barrio,
Phys. Rev. B 59, 14302 (1999).

I. I. Satija and G. G. Naumis, Phys. Rev. B 88, 054204
(2013).

T. Higuchi, C. Heide, K. Ullmann, H. B. Weber,
P. Hommelhoff, Nature 550, 224 (2017).

C. Heide, T. Higuchi, H. B. Weber, and P. Hommelhoff,
Physical review letters 121, 207401 (2018).

E. M. L. L. D. Landau, Quantum mechanics: non-
relativistic theory, 3rd ed., Course on Theoretical Physics,
Vol 3, Vol. Volume 3 (Pergamon Pr, 1981).

R. S. Sorbello, Journal of Physics F: Metal Physics 4, 503
(1974).

M. Oliva-Leyva and G. G. Naumis, Journal of Physics:
Condensed Matter 26, 125302 (2014).

G. G. Naumis and P. Roman-Taboada, Phys. Rev. B 89,
241404 (2014).

and


http://dx.doi.org/10.1063/1.3597412
http://dx.doi.org/10.1103/PhysRevB.90.115423
http://gen.lib.rus.ec/book/index.php?md5=bf75407979ee276aa8bed079257d5c92
http://gen.lib.rus.ec/book/index.php?md5=18E98F66743C0CA184B817EBB7C3AEC4
http://gen.lib.rus.ec/book/index.php?md5=18E98F66743C0CA184B817EBB7C3AEC4
http://dx.doi.org/10.1088/1367-2630/aaa7e5
http://dx.doi.org/10.1088/1367-2630/aaa7e5
http://dx.doi.org/10.1103/PhysRevB.99.035411
http://dx.doi.org/10.1103/PhysRevB.99.035411
http://dx.doi.org/10.1103/PhysRevB.97.165430
http://dx.doi.org/10.1103/PhysRevB.97.165430
http://dx.doi.org/10.1103/PhysRevB.101.205413
http://dx.doi.org/10.1103/PhysRevB.101.205413
http://dx.doi.org/ 10.1103/PhysRevB.98.195436
http://dx.doi.org/ 10.1103/PhysRevB.98.195436
http://dx.doi.org/ 10.1103/PhysRevB.101.235146
http://dx.doi.org/ 10.1103/PhysRevB.101.235146
http://dx.doi.org/ 10.1103/PhysRevLett.119.255901
http://dx.doi.org/ 10.1103/PhysRevLett.119.255901
http://dx.doi.org/10.1088/1361-648x/aaf77b
http://dx.doi.org/10.1088/1361-648x/aaf77b
http://dx.doi.org/10.1146/annurev-conmatphys-031218-013423
http://dx.doi.org/10.1146/annurev-conmatphys-031218-013423
http://arxiv.org/abs/https://doi.org/10.1146/annurev-conmatphys-031218-013423
http://arxiv.org/abs/https://doi.org/10.1146/annurev-conmatphys-031218-013423
http://dx.doi.org/10.1209/0295-5075/107/57003
http://dx.doi.org/10.1103/PhysRevB.91.155312
http://dx.doi.org/10.1103/PhysRevLett.98.256803
http://dx.doi.org/10.1103/PhysRevLett.98.256803
http://dx.doi.org/10.1103/PhysRevB.78.045407
http://dx.doi.org/10.1103/PhysRevB.78.045407
http://dx.doi.org/10.1103/PhysRevB.79.081406
http://dx.doi.org/10.1103/PhysRevB.78.201406
http://dx.doi.org/10.1103/PhysRevB.78.201406
http://dx.doi.org/10.1080/14786431003757794
http://dx.doi.org/10.1080/14786431003757794
http://dx.doi.org/10.1103/PhysRevB.81.165433
http://dx.doi.org/10.1103/PhysRevB.85.155449
http://dx.doi.org/10.1103/PhysRevB.85.155449
http://dx.doi.org/https://doi.org/10.1016/j.physrep.2013.10.003
http://dx.doi.org/https://doi.org/10.1016/j.physrep.2013.10.003
http://dx.doi.org/10.1088/1367-2630/18/10/103014
http://dx.doi.org/10.1088/1367-2630/18/10/103014
http://dx.doi.org/10.1103/PhysRevB.99.035415
http://dx.doi.org/10.1103/PhysRevB.99.035415
http://dx.doi.org/10.1103/PhysRevB.100.125302
http://dx.doi.org/10.1063/5.0007576
http://dx.doi.org/10.1063/5.0007576
http://arxiv.org/abs/https://doi.org/10.1063/5.0007576
http://dx.doi.org/10.1103/PhysRevB.102.045134
http://dx.doi.org/10.1103/PhysRevB.98.075422
http://dx.doi.org/10.1103/PhysRevB.99.205135
http://dx.doi.org/10.1103/PhysRevB.99.205135
http://dx.doi.org/10.1103/PhysRevB.99.205429
http://dx.doi.org/10.1103/PhysRevB.101.165305
http://dx.doi.org/10.1103/PhysRevB.101.165305
http://dx.doi.org/10.1103/PhysRevLett.110.026603
http://dx.doi.org/10.1103/PhysRevB.95.125401
http://dx.doi.org/10.1103/PhysRevB.95.125401
http://dx.doi.org/10.1103/PhysRev.138.B979
http://dx.doi.org/10.1103/PhysRevB.59.14302
http://dx.doi.org/10.1103/PhysRevB.88.054204
http://dx.doi.org/10.1103/PhysRevB.88.054204
http://gen.lib.rus.ec/book/index.php?md5=20396a7447ae720e7a5affd0dedae87e
http://gen.lib.rus.ec/book/index.php?md5=20396a7447ae720e7a5affd0dedae87e
http://dx.doi.org/10.1088/0305-4608/4/4/008
http://dx.doi.org/10.1088/0305-4608/4/4/008
http://dx.doi.org/10.1088/0953-8984/26/12/125302
http://dx.doi.org/10.1088/0953-8984/26/12/125302
http://dx.doi.org/10.1103/PhysRevB.89.241404
http://dx.doi.org/10.1103/PhysRevB.89.241404

	Dynamical Floquet spectrum of Kekulé-distorted graphene under normal incidence of electromagnetic radiation
	Abstract
	I Introduction
	II The continuum Hamiltonian for Kekulé-distorted graphene
	III Kekulé-distorted graphene under electromagnetic radiation
	A Circularly polarized light
	1 Kek-Y texture under circularly polarized radiation
	2 Kek-O texture under circularly polarized radiation

	B Linearly polarized light
	1 Kek-Y texture under linearly polarized light
	2 Kek-O texture under linearly polarized light


	IV dc conductivity
	V Conclusions
	VI Acknowledgements
	A Circularly polarized light
	B Linearly polarized light
	C dc conductivity
	 References


