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Abstract

In this chapter, we describe some of our recent results on the laser-induced manipulation
of the energy band structure of graphene-like systems. We present numerical results on
the quasi-energy spectrum as well as detailed calculations of semi-analytical approxi-
mations to other physical quantities of interest. The main message we would like to
convey to the interested reader of the chapter is that by properly tuning the perturbation
parameters of the radiation field one can control the size and shape of the photoinduced
gaps. These in turn would allow the realization of new electronic phases on graphene
and its related materials such as silicene.

Keywords: graphene, light-matter interaction, Floquet theory, Dirac fermions, Landau
levels, pseudospin polarization

1. Introduction

Since its recent experimental realization [1], graphene has attracted a lot of research interest
because of its remarkable transport properties. At low energy, single-layer graphene (SLG) has
a linear dispersion spectrum, and charge carriers can be described as massless, chiral, Dirac
fermions. Moreover, SLG is a zero-gap semiconductor, has a high mobility of charge carriers
and features an unconventional half-integer quantum Hall effect which can be measured at room
temperature [2]; therefore, it has been the focus of many experimental [3] and theoretical ana-
lyses [4, 5], and it is expected to have several potential applications in carbon-based spintronics.
Thus, the study of spin-related transport phenomena is one of the most active research fields in
graphene. One important breakthrough was the demonstration of a quantum spin Hall effect in

I NT EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,

open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited.



28 Graphene Materials - Structure, Properties and Modifications

SLG [6]. This in turn relies on intrinsic spin-orbit coupling (SOC), which although weak com-
pared to other energy scales in the problem [7] opens a gap in the energy spectrum, making SLG
into a topological insulator. Another possibility for SOC is due to interactions with a substrate,
the presence of electric fields or curvature of the SLG. Therefore, it is called extrinsic or Rashba
spin-orbit coupling (RSOC). The RSOC is believed to be responsible for spin polarization [8], and
spin relaxation phenomena in graphene [9]. In addition, in the presence of an external magnetic

field B, Landau’s quantization leads to a v/B energy relation which contrasts the linear in B
dependence of conventional 2DEG, with parabolic energy bands.

Indeed, one interesting aspect of the new graphene-like materials is that they are predicted to
support the so-called edge states which are related to the realization of new topological aspects
of matter. As it has been acknowledged in the recent literature, since the discovery of the
quantum Hall effect [10, 11], the quest for new topological states of matter has attracted a great
deal of attention (for a recent review, see Ref. [12]). For instance, some proposals to topologi-
cally generate and characterize non-trivial phases in graphene have paved the road for
research on how to implement models of non-trivial topological states in different physical
systems ranging from semiconducting quantum wells [13], superconductors [14] and neutral
[15] and cold atoms [16], just to mention a few.

In Ref. [13], a model for quantum spin Hall (QSH) state in telluride-based quantum wells was
analysed. Yet, it was shown afterwards that this model really corresponds to a topological
insulator state [17]. In general, a topological insulator is a quantum state of matter where a
given material supports edge states that counter-propagate on its boundary. The existence of
these edge states allows for non-dissipative transport, which is a most-wanted property in
technological implementations, for instance, in quantum information and nanotechnological
devices. In principle, the topological-insulating phase is protected by time-reversal symmetry.
However, a time-reversal-symmetry-broken QSH state proposal was recently put forward by
means of ferromagnetic leads attached to the sample [18].

Upon introduction of time-periodic dynamical modulation, for instance, in semiconducting
quantum wells, with a zincblende structure, it has been recently shown that AC driving can
induce a topological phase transition leading to the so-called Floquet topological insulator
(FTI) phases [19]. This means that a non-trivial topological phase can be induced in a system
that in equilibrium behaves trivially [20-22], that is, it does not possess non-dissipative or
gapless edge states.

In this chapter, we show some of our results on the photoinduced effects on the Dirac fermions
of graphene-like systems presenting two specific scenarios. In Section 2, we describe the
Landau levels (LLs) in graphene when a laser is incident perpendicularly to the sample [23].
We show that an exact effective Floquet Hamiltonian can be found from which the dynamics is
afterwards described [24-26]. Here, we show that the quasi-energy spectrum presents a level-
dependent photoinduced gap and we also show that coherent Landau level states can be
synchronized in order to produce Rabi oscillations and quantum revivals [27]. In Section 3,
we describe how the energy spectrum and pseudospin polarization in monolayer silicene [28-
33] can be manipulated beyond the so-called off-resonant regime [34, 35] when strong radia-
tion effects are taken into account [36-38]. We find the explicit and realistic parameter regime
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for the realization of a single-valley polarized state in silicene. In Section 4, an outlook is given
whereas in Section 5 we present some technical details of the calculations employed because
although we know there are several works describing the dynamical aspects of periodically
driven systems, we wanted to be self-contained. Another reason for delving into such details is
that we think this explicit technical aspect could be useful for both students and researchers
interested in the field.

2. Technical aspects of periodically driven systems

2.1. Floquet Fourier-mode approach

Before delving into the models of interest, let us present a summary of an important tool in the
description of time-dependent Hamiltonian dynamics when the interaction term is periodic in
time. These kinds of interactions are ubiquitous in physical systems ranging from cold atoms,
cavity QED, superconducting interferometric devices, lasers, and so on. Let us then consider a
generic time-dependent periodic Hamiltonian H(t + T) = H(t). We write it as free Hamilto-
nian plus a time-dependent interaction

H(t) = Hy + V(). (1)

The solution of the dynamics for the evolution operator

indU(t) = H(HU(E), 2)

is formally given by

Uut) = ’T[exp (—%/OtH(t’)dt’)], (3)

with 7 the time-ordering operator. However, since the Hamiltonian H(¢) is periodic, one can
resort to Floquet theorem [24, 25]. It asserts that the general solution to the dynamics (2) when
H(t) is periodic can be written as

U(t) = P(t)e Hrt/n 4)

with P(t) periodic and Hr a constant matrix, respectively. Using Eq. (4), it is easy to verify the
stroboscopic property

U(nT) = P(nT)e "THe/ 5)
U(nT) = [U(T)]", (6)
where U(T) = e H¥T/" Thus, although the time-dependent Hamiltonian H(t) is periodic, the

corresponding evolution operator U(t) is not, that is, U(t + T) # U(t). In fact, U(T) carries
non-trivial information on the dynamics of the periodic system. The eigenvalues of Hr give the

29



30 Graphene Materials - Structure, Properties and Modifications

quasi-energy spectrum of the periodically driven problem. In order to determine these quasi-
energies, one standard approach (see below) consists of performing an expansion in the
(infinite) eigenbasis of time periodic functions &, (t) = ¢"* (Fourier modes), where w = 27t/T.
Then, in order to deal with the infinite eigenvalue problem one resorts to a truncation proce-
dure in order to determine the Floquet exponents.

In the following, we would like to explicitly describe the Floquet-Fourier mode strategy. For
this purpose, we assume that we can solve the dynamics of the free part Hy. Its eigenbasis is
spanned by the spinors |¢,) where a describes a set of quantum numbers. We now use the
eigenstates |¢,) as expansion basis for the eigenstates of the full Hamiltonian in Eq. (1).

In order to analyse the evolution equation,
ihdy|©(1)) = H(t)|D(t)) ™)

we take advantage of the periodicity of the Hamiltonian so we can resort to Floquet’s theorem
[24, 25]. For this purpose, we define an auxiliary Hermitian Hamiltonian

H(t) = H(t) — iRdy, (8)

along with the so-called Floquet states
Wa(t)) = exp (ieat/h)|D(1)) ©)

such that
H(t)|\ya(t)> = €a|\ya<t)> (10)

which are periodic functions of time, |W,(t + T)) = |W,(t)). In addition, the eigenvalues ¢,
form the quasi-energy spectrum, and are the analogous of the quasi-momenta for Bloch
electrons in a spatially periodic structure.

We can verify that the states

[Wan(B)]) = exp (inwt)[Wa(t)) (11)
are also eigenstates of the Hamiltonian 7(f) but with corresponding eigenvalues
€y — € + nhw. Thus, we can work in the first Brillouin zone —hw/2< e, <hw/2.

Using the periodic temporal basis &, (t) = exp (inwt), which satisfies

1 T
1| E0&0 = o, (12)
0
we write the Fourier-mode expansion
(1) = exp (—ica) 3 [CIYEL (D), (13)

Now, we use the expansion |C\") = Z ﬁ/lg;) |¢p5) such that Eq. (10) becomes
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H) S S A0pE 0+

- S (14)
Z ZA((Z;H%)En(t)(ea — nhw) = 0.
n=—="p
Multiplication by (¢, |<,, (t), then average over one temporal period, leads to
_Z ;[(MH(’”‘”)W} — (€0 — nhw)énm(saﬁmgg =0. (15)

T
and we have used the simplifying notation |a) = |¢ ), and H (m=m) — 1T / ELH()E,(1).
0

Then, the quasi-energies ¢, are eigenvalues of the secular equation.

det|Hp — e,| =0 (16)

where ((am|Hf|np)) = ngg‘”) + mwduubap. Here, we simplify the notation to represent the

direct product of orbital and periodic eigenfunctions |am)) = |a) @ &(t).

For example, for a two-level problem we could take the interaction in the form V(#)xo - Z(t)

Then, if the vector potential given as Z(t) = A(coswt,sinwt) we find that H"™" has non-
vanishing elements only for m —n = 0, £ 1 as it is described in the following section.

2.2. Off-resonant approximation

In some physical scenarios, the frequency of the radiation field is way much larger than any
other energy scale in the problem. Within this regime, one can derive an approximate Floquet
Hamiltonian that captures the essence of the photoninduced bandgaps. In order to describe
this so-called off-resonant regime, let us begin by explicitly showing the effective Floquet
Hamiltonian: For this purpose, let us start from the general periodic Floquet Hamiltonian
given in Eq. (1)

H(t) = Ho + V (1), (17)

where Hj is the static contribution and V(¢ + T) = V/(¢) is the time-periodic interaction. Going
to Fourier space, we get the general structure of the Floquet Hamiltonian in matrix form as

Vo3 Ho—20 V.4 Voo Voo V_ oo
Vs Va2 Ho—-Q Vg Vo V12
Vo3 Vo2 Vo1 Hy Vo Voo ; (18)
Vi3 Vi Viii Vip Ho+Q Via

: : : Voo Va1 Ho+2Q

where the interaction submatrices are defined as

31
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1 /7 _—
VﬁW::——J/ AtV (t)e =m0t
T Jo

For a monochromatic harmonic perturbation, this reduces to a block-tridiagonal matrix

0
0 V, Hy; Vi 0 0
0 0 V., Hy Vg 0 ,
0 0 Vi Hi Vi
: : 0 V.1 H

(19)

(20)

and to simplify the notation we have set Vy =V, and H; = Hp +jQ. If we set out the

eigenstate for a given number of Fourier modes n we will have

21)

with each ¢, a vector of dimensionality determined by H. For instance, if we approximate the

problem in such a way that we only consider one Fourier mode (n = 1), we have to solve the

following system of coupled equations:

Ho1¢_; + Vi, =Ep_,
V_1¢p_y + Hopy + Viap,, = Ey
H+1¢+1 + Vflqbo W E¢+1'

From the first and last equations, we get

¢_y = (E—H1) 'V,
¢+1 = (E - HH)?lV—lﬁbov

such that we get an effective equation for ¢,

which explicitly reads

(22)

(23)

24)
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[V_1(E = Ho+ Q) 'V.1 + Hy + Vi1 (E — Hy — Q) 7'V _1]¢, = E, (25)

For (>||Hy||, that is, frequencies much larger than the typical energy scales of the static
problem, we can approximate this as

ViV ViV,
(Ho + 0 O >¢0 ~E¢,, (26)

so we get the effective approximate Floquet Hamiltonian, valid for large frequencies

[V_1,Vid]

HFZH()—}- 0

: (27)

With a similar procedure, one can show that for n =2 one gets the approximate Floquet
Hamiltonian

V4V 1 VAL V2]
HF:“HO —|—7Q + —E—;)2 +1 . (28)

These results essentially imply that a photoinduced energy bandgap can be induced by
means of the dressed Floquet states that emerge from the off-resonant condition. Needless
to say that sometimes the photoinduced energy bandgaps can be tiny; yet, in some circum-
stances one only needs to make sure that there is a gap, however, small and the topological
properties of the driven system can be qualitatively different as those of the undriven
(gapless) system.

3. Photoinduced effects of Landau levels

In this section, we summarize our results reported in Ref. [23] where we theoretically analyse
the dynamical manipulation of the LL structure of charge carriers on suspended monolayer
graphene when a periodically driving radiation field is applied perpendicular to the sample.
For this purpose, we focus on the low-energy properties of non-interacting spinless charge
carriers in a suspended monolayer graphene subject to a perpendicular, uniform and constant
magnetic field B = BZ. The dynamics is governed by Dirac’s Hamiltonian. In coordinate repre-
sentation, it reads

H,(x) = vp(nmeox + 1,0,), (29)

where vr ~ 10°m/s is the Fermi velocity in graphene. In addition, the canonical momenta
mj = p; +eAj (j = x,y) contain the vector potential (VXA = B), —e is the electronic charge
(e > 0), and n = %1 describes the valley degree of freedom. Using the definition of the magnetic

length I;> = eB/# and the cyclotron energy fiw, = v/2vr#i/lp, the Hamiltonian Eq. (29) at each K
(K”) Dirac point, which corresponds to 7 = 41 (7 = —1), can be written in the form

33
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0 a
H+1 - ha)c<a+ O) (30)
B 0 a
H. = —hwc<a 0 ) (31)

where the annihilation and creation operators are defined by standard relations as

Ip(mty — imy) I(mtx + im7y)

a=——"7—>" and a' = 32
7 7 (32)

The eigenenergies of the Hamiltonian (29) are then
EST = sny/nhw, (33)

with s = £1. Positive (negative) values of sn represents the conduction (valence) band at each
Dirac point. In addition, the integer quantum number n = 0,1,2... labels the Landau-level
structure of monolayer graphene. Using the eigenstates |n) of the operator a'a, the
corresponding eigenstates |¢;,") read

=25 (") (34)
=25 () 65)
for 11 # 0. The zero-energy eigenstate (1 = 0) is given in each case by
i =(0)) 30
o= (1) @7)

Due to time-reversal symmetry, we have 7H 17 = H_;. Let us now consider the effect of
intense circularly polarized terahertz electromagnetic 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 spatial variation. According to the standard light-matter inter-
action formulation, the dynamical effects of a monochromatic radiation field incident perpen-
dicular to the sample can be described by means of a time-dependent vector potential

A(t) = g (cos wt, O sin wt), (38)

where € and w are, respectively, the amplitude and frequency of the electric field given in turn
by the standard relation &(t) = —0;A(t). In addition, we are using 6 = +1 (6 = —1) for right
(left) circular polarization. We are using circular polarization because it has been shown to
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provide the maximal photoinduced bandgap. Starting from the ordinary dipolar interaction
term —ep - A(t), introduced to the tight-binding Hamiltonian via the Peierls substitution, we
can evaluate the effects of the driving at each Dirac point as

V) = evp[no Ax(t) + 60,A,(t)], (39)
which explicitly reads
Vy = &n(oy cos wt 4 160, sin wt). (40)
with the effective coupling constant & = evp€/w. This makes the total Hamiltonian
H, (1) = Hy + V(1. (41)

periodic in time H,(t + T) = H, (), with T = 27t/w the period of oscillation of the driving field.
Therefore, if we focus on the K Dirac point (1 = 1), the physics at the K" Dirac point (1 = —1)
can be easily found by the substitutions £ — —¢ and w — —w.

Thus, let us focus on the K point physics and afterwards, we can make the necessary sub-
stitutions. In order to simplify the notation, we set H.; = Hy and V1(t) = V/(t). Hence, defin-
ing rising 0, and lowering o_ pseudospin operators by the standard formulas

ox 10
0y =———7, (42)
2
the time-dependent interaction potential can be rewritten as
V(t) = &(e g, + g ), (43)

Now, we invoke Floquet’s theorem which states that the time evolution operator of the system
induced by a periodic Hamiltonian can be written in the form [24]

U(t) = P(t)e Hrt/h, (44)

with P(t) a periodic unitary matrix and Hr a time-independent dynamical generator referred
to as the Floquet Hamiltonian. The eigenvalues of the Floquet Hamiltonian Hr represent the
quasi-energy spectrum of the periodically driven system. Typically, in order to solve for the
quasi-energy spectrum, one can expand each term of the time-dependent Schrodinger equa-
tion in Fourier space and numerically solve an infinite eigenvalue problem. Instead, we will
take a perturbative approach as discussed below.

Accordingly, for our problem we can find approximate solutions to the dynamics by modify-
ing slightly the analytical strategy presented in Ref. [39]. Then, one finds that the excitation
number operator, N,, defined as

35
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N, = <a+a+%>ﬂ +%, (45)

which commutes with the Hamiltonian H, and satisfies the eigenvalue equation

Nalg;,) = nlg;). (46)

N, generates a time-dependent unitary transformation |\W(t)) = P(t)|®(t)) given as

P(t) = exp (—iNyowt), (47)

such that the time-dependent Schrodinger equation
ihd W (1)) = H()[W(t)) (48)

can be transformed with a time-independent operator Hr governing the dynamics of the
problem

ihdy|®(t)) = HE|®(t)), (49)
where Hr and |®(t)) are the Floquet Hamiltonian and Floquet eigenstate, respectively.
Conducting the explicit calculation, Hr is found to be given by

HF :H()—N,Z(Sha)—i—éﬁx, (50)
where the effective coupling to the radiation field is & = evp€/w. This Hamiltonian can be

treated via non-degenerate perturbation theory to find the approximate quasi-energy spec-
trum (see Ref. [23] for details on the derivation), which read

€, = S\/m(hcuc)2 + (m&)?, modhw. (51)
The associated mean energies are in turn found as

e =€ —w" (52)

which are invariant under €, — €, + [Aw, for | being an integer. Conducting the explicit
calculation, the mean energies are found to be given by the expression

. m(hw.)* + 2m*&*
\/m(ha)c)2 + m2&?

€

(53)

S
m

As can be seen in Figure 1, these mean energies are plotted as function of the quantizing
magnetic field B, for different values of the Landau-level index changing the effective cou-
pling &£ We notice that, at intermediate light-coupling strength, the energy resolution of
these levels becomes much better and could experimentally be tested for not so large



Photoinduced Pseudospin Dynamical Effects in Graphene-Like Systems 37
http://dx.doi.org/10.5772/67618

15 T T T T
m| =1|m| =2|m|=3|m|=4
10t I ;

I\J.)E
15 —_— S —
10p — _ = ;—_'rg--_
0 I I i
_5 : e - = : —t
—10}f = | iy
£=0.75hw | £ =hw
~155 L L : v

0 2 4 6 8 10 O 2 4 6 8 10

Figure 1. Approximate mean energies for the driven scenario (continuous lines) as function of the quantizing magnetic
field B. The dotted lines represent the undriven spectra for the corresponding LL. We notice a level-dependent energy
gapped that leads to non-trivial behaviour of physical quantities, as discussed below (see main text). Adapted from Ref.
[23] with permission from APS.

quantizing magnetic fields B. Moreover, we find that to this order of approximation the LL
becomes gapped, with the striking feature that the photoinduced gap is level-dependent.
These gap openings appear except for the m = 0 level which, as discussed before, remains
insensitive to the radiation field.

3.1. Discussion

So far, we have shown that upon introduction of a perpendicularly radiation field in the
Terahertz frequency domain, the Landau-level-quantized scenario can be turned into a level-
dependent-gapped system. As shown in reference, this energy bandgap effects can be traced
via the oscillations of the pseudospin polarization as well as the temporal evolution of the
autocorrelation function for an initially prepared coherent superposition of the static Lan-
dau-level configuration. Thus, due to the natural connection between coherent-state super-
positions and applications in quantum optics, one could expect that the experimental
consequences of such radiation effects on the Landau-level structure of graphene would
have some applications within experimentally accessible parameter regimes in the quantum
optics realm.
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4. Irradiated silicene

As expected, the family of new two-dimensional materials with graphene-like properties has
grown in the recent years. However, we show in this section that, although similar in lattice
structure, both materials can be experimentally found to have different physical properties. In
this section, we focus our attention on silicene which consists of a two-dimensional honeycomb
lattice structure of silicon atoms analogous to that of graphene. Some works have reported the
synthesis of silicene [30-32]. Silicene has a corrugated or buckled lattice structure that makes the
silicon atoms in one sublattice to be perpendicularly displaced with respect to the other
sublattice. For this reason, when a perpendicular electric field E, is applied to silicene, the atoms
belonging to each sublattice respond differently to E., giving rise to a staggered potential. Due to
this peculiar pseudospin response to applied electric fields, and despite their similarities, the
electronic properties of silicene are predicted to considerably differ from those of graphene.

In particular, since its intrinsic spin-orbit coupling is much larger than that of pristine
graphene, an interesting interplay among intrinsic spin-orbit and electric field effects was
predicted to appear because the bandgap can be electrically controlled. Moreover, the addition
of an exchange potential term (which physically could represent the proximity effect due to
coupling of ferromagnetic leads) allows for topological quantum phase transitions in the static
regime [33]. Furthermore, in the presence of circularly polarized electromagnetic radiation, the
realization of the so-called single Dirac cone phase in silicene has been recently proposed. At
this topological phase, it is found that well-defined spin-polarized states are supported at
every Dirac point. Moreover, within this configuration different spin components propagate
in opposite directions giving rise to a pure spin current [34]. Yet, these photoinduced topolog-
ical phase changes [20, 21] reported by Ezawa [34] were derived under the off-resonant
assumption, that is, dynamical processes such that the frequency (coupling strength) of the
radiation field is much larger (smaller) than any other energy scale in the problem. Under these
assumptions, it is possible to derive an effective time-independent Floquet Hamiltonian
[24, 25] with a tiny photoinduced bandgap correction that stems from virtual photon absorp-
tion and emission processes. Since the sign of the bandgap term (i.e., the effective bandgap)
determines important topological properties of the material, it is vital both for potential
practical implementations, for instance, in technological realizations of silicene-based devices,
and from a fundamental point of view, to effectively achieve manipulation of this quantity.

In this section, we show via an exactly solvable model, where in order to detect physically relevant
photoinduced effects in the energy band structure of silicene under strong circularly polarized
electromagnetic radiation in the terahertz (frequency) domain one needs to go beyond the afore-
mentioned off-resonant approximation. Indeed, we find that a zero momentum, the obtained
exactly solvable time-dependent Hamiltonian, suggests the range of control parameters that phys-
ically might lead to experimentally feasible realization of new topological phases in silicene.

4.1. Model

Let us consider the Dirac cone approximation to describe the dynamics of non-interacting
charge carriers in silicene subject to a perpendicular, uniform and constant electric field
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E = E.Zz. This is given by the 8 x8 Hamiltonian [33] (7 = e =1, with e being the electron’s
charge)

H" = vp(kyox + nkyoy) + 02(Ns:As — LEz)
(54)

+10:h11 + hao

where vp = Y3 ~8.1x10° m/s is the Fermi velocity for charge carriers in silicene, with a2 = 3.86
A the lattice constant and t, = 1.6 eV the hopping parameter within a tight-binding formula-
tion, whereas [ = 0.23 A measures half the separation among the two sublattice planes. In
addition, n = £1 describes the Dirac point, 0; and s; (i = x,y,z) are Pauli matrices describing

pseudo- and real-spin degrees of freedom, respectively, whereas k = (ky, nk,) is the momentum
measured from the Dirac point ) = £1. The parameter A;, = 3.9 meV represents the strength of
the intrinsic spin-orbit contribution. Moreover, the two contributions given by the terms

I’l11 = ll/\Rz (kysx — kxsy), (55)

hay = AR1(noxs, — 0y5:)/2, (56)

describe the spin-orbit coupling associated to the next nearest neighbour hopping and nearest
neighbour tight-binding formulation, respectively.

The term hy; has its origin in the buckled structure of silicone, whereas h,; is induced by the
application of an external static electric field E.. Using first-principle calculations, the authors
of Ref. [40] found that Az, = 0.7 meV and typically hy, are of order peV and thus much
smaller than the other energy scales in the problem. Therefore, these two non-conserving
contributions will be neglected in the following, although in the appendix we show that the
largest contribution /111 can be easily incorporated in the solution to the dynamical evolution
presented below. Yet, we have verified that our results do not qualitatively change by the
introduction of these two small corrections.

Within the approximation hy, = 0, let us now consider the pseudospin dynamics under an
intense radiation field represented by the time-dependent vector potential

A(t) = A(cos Qt,sin Ot), (57)

with A = £/Q and Q its amplitude and frequency, respectively. It describes a monochromatic
electromagnetic wave incident perpendicular to the sample. This vector potential can in turn
be derived from the corresponding electric field by means of E(f) = —9;A(t), where £ is the
amplitude of the time-dependent electric field.

Using the standard minimal coupling prescription given as k—k+ ;{, we get the dynamical
generator

Hn(ﬁ,t) = Up(kax + ﬂkyﬁy) + Gz(rlsz/\so - lEz) (58)

va[eiWQta, + e_i”QtG+].
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In the following, we explore the emerging photoinduced dynamical features at zero momentum
since this scenario allows for an exact analytical solution to the dynamical evolution equations.
Given the fact that we have an exact analytical solution, we can explore the low-, intermediate-,
and strong-coupling regimes of the charge carriers in silicene under the radiation field. We then
discuss this exact solution and argue the need to explore either the intermediate or strong light-
matter-coupling regimes in order to obtain experimentally observable modifications in the phys-
ical properties of the system within the irradiation configuration.

4.2. Physics at k=0

In this subsection, we explicitly analyse another exactly solvable model for a graphene-like
system. Let us then focus on the zero-momentum scenario for which the extrinsic spin-orbit
term hy; vanishes and the z-component of spin s, = +1 is a good quantum number. Therefore,
the following analysis is independent of taking into account the aforementioned spin-orbit
contribution. Setting for notational convenience a = vrA and V, = [E,, the physics at zero

momentum k = 0 is described by the dynamical generator
HI(0,t) = (nsAsy — V2)o. + ale™ o +e Mg, ]. (59)
Using the unitary transformation

Pq(t) — e—ir](ﬂ+az)0t/2 (60)

we get the effective time-independent Floquet Hamiltonian Hg(k = 0) = (P")" ())H"(0,¢)P"(¢)
—i(PH"(HP" (1)

Hr(k=0) = —172()7] + [17 (SZASO — f) — VZ] 0; + aoy. (61)

Thus, the zero-momentum quasi-energy spectrum is given as

el k=0) =~ o/ + (a2 (©2)

where s,0 = +1 represent the real- and pseudospin degrees of freedom, respectively. In addi-
tion, we have defined the effective gap

Al =1 (5/\50 — f) -V, (63)

On the other hand, the zero-momentum exact Floquet eigenstates are

—iel t —inQt

e st (ot I+ oAl

L (6) = VI o8, (64)
V2T o/ I — o]

with I’ = /a2 + (A1)
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Some comments are in order at this point. The exact quasi-energy spectrum resembles the
solution for the Rabi problem and one could expect that Rabi oscillations should appear in the
dynamical evolution of this zero-momentum solution. Moreover, since we are interested in
analysing the behaviour of a topological quantity not in terms of the momentum variable but
assuming as a toy model that one explores the V, parameter space along with the “torus” for

~

the time domain 0<t<T, one could evaluate the components of the pseudospin operator S,
defined within each subband as

S" = (YL (H)]s YL (D) (65)
After some algebra, we get
S" = n(— sin  sin Qt, sin f cos Qf, — cosp) (66)
where
tanp = 20 (67)
P=Tam

S

Thus, within this limit, the average out-of-plane pseudospin polarization §f] is the only finite
component and it reads

. N

Thus, the main advantage of finding semi-analytical solutions to the dynamical evolution is
that closed expressions for the physical quantities of interest can be found in such a way that
one can provide further insight into the nature of the physical mechanisms involved and how
their interplay leads to a given behaviour of the polarization, charge current and so on.

Let us now assume that the system is initially prepared in the arbitrary state

(0)) = ( cos g/ > (69)

sin ge /2

with 0<0<m and 0 < $<27 being spherical coordinates over the Bloch sphere. Thus, the
evolution of the pseudospin polarization is given by the standard relation o, (t) = (®(0)|UL(t)
o, Urp(t)|®(0)), with Ur(t) being the unitary Floquet evolution operator Ur(t) = P(t)e 7!
(note that o, and P"(t) commute with each other). The initial polarization in the state (65) is
given by 0,(0) = cos 0. After some algebra, we find

2a0 ) Al | .
o(t) :TsmGsmFt Tsmftcosqb— cos ['tsin¢

2 2
teosO(1 -2 sin?rt). (70)
1"2

In addition, the one-period mean-value pseudospin polarization
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1 T
=1 [ o @
T Jo
with T = 27t/Q being the period of oscillations of the driving field, gives then

(0;) = asinf [?—g cos p(1 —sinc(2I'T)) — T'sin ¢sinc2(FT)}
(72)
+ cos O [1 — ?—2(1 — sinc(2FT))] |

where sinc(x) = 1,

X

In particular, for initial states that have zero polarization (0 = 71/2), we get the simplified
expressions

(]
L)
(]
(]
]
]
]
]
]
)
)

0.5
o /Q

Figure 2. Zero-momentum pseudospin mean polarization for different combinations of the product sn. The vertical lines
correspond to a = 0.1Q (continuous), @ = 0.25Q (large dashed) o = 0.5Q (short dashed) and « = 0.75Q (large dots),
respectively. See discussion in the main text. Adapted from Ref. [35] with permission from APS.
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(0,) =« ?—g cos p(1 — sinc(2I'T)) — T sin ¢sinc®(I'T) | . (73)

Setting the value ¢ = /4, we plot in Figure 2 the mean pseudospin polarization for the
different spin and valley sn product combinations.

From this figure, we find that within the low coupling regime (@ <0.1Q2), it is in general not
possible to induce appreciable changes of the pseudospin polarization and this is related to the
fact that the quasi-energy behaviour is essentially controlled by the parameters V, and A,
which determine the gap behaviour in the static regime. On the other hand, for intermediate
(a = 0.5Q) and large (a = 0.750Q2) values of the coupling to the driving field, that is, beyond the
off-resonant condition, effective pseudospin inversion is achievable and therefore a qualita-
tively different behaviour emerges within this coupling regime.

5. Conclusions

In this chapter, we have described some photoinduced consequences of using periodically
driven interactions in graphene-like systems. In essence, these examples provide new insights
on the non-trivial behaviour of systems taken out of equilibrium and given the fact that
Floquet’s theorem allows for a dynamical analysis in terms of an equivalent static description
of the physics via the Floquet states, one can infer new physical aspects that can emerge on
these systems when subject to such periodic interactions. We consider that these approaches
do provide an arena for analysing some interesting phenomena beyond the static limit. The
extension of the results presents more involved scenarios, where numerical tools can profit
from the simple models described in this chapter and we hope the interested reader could
profit from the material presented. One could further explore the dynamical features at finite
momentum but refer the reader to Ref. [35] where it is proven that the intermediate light-
matter-coupling regime is the physically correct scenario for describing the emergent topolog-
ical features such as the realization of the single-valley polarized state in silicene. Needless to
say that other quantities of interest such as charge and spin currents can be treated within the
approximate scenarios discussed in the chapter, they go beyond the main interest of the
chapter and are thus not further discussed here.

Appendix

For completeness, in this appendix we include one approximation strategy that can be useful
in the semi-analytical treatment of periodically driven systems. This is called the rotating wave
approximation concerns with the dynamical evolution of a periodically driven system when
the parameters are closed to a resonance. These resonant effects have been shown to be
relevant in several experimental situations such as within cavity QED as well as within the
context of cold atoms, among others.
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Approximate RWA dynamics

In some physical systems, the most important physical effects happen around the first
resonance located at around wy = w, even a low coupling & = 0.25w. This motivates the
search of an analytical solution by means of the rotating wave approximation (RWA)
approximation. We now find an approximate analytical solution to the dynamics generated
by

Wo

H(t) = — 0z + Asinwtoy. (74)

Then, in the low coupling regime where the amplitude of the driving field satisfies 4 <1, we
can use the rotating wave approximation (RWA) which amounts to keep those contributions in
the driving that are close to resonance, that is, ~wy.

Changing to the interaction representation, the dynamics is dictated by V;(t) = e/@7=/2V/(t)
e~ito=/2 where V(t) is the time-dependent contribution to Eq. (74). Using the algebra of the
Pauli matrices and the explicit time dependence of the driving field, we get

Vi(t) = Asinwt( cos woto, — sinwytoy,) (75)

At this point, we invoke the RWA to get the approximate interaction contribution
Viwa(k,t) = i5(e o, — o), (76)

where the frequency detuning that characterizes near-resonance contributions is defined as
p=w—wy. To get Eq. (76) from Eq. (75), we have assumed w — wo~0 and thus have
disregarded the quickly oscillating terms proportional to w + wo (which are known in the
literature as the secular contributions).

Switching back to the Schrodinger representation, we get the total RWA Hamiltonian

Hrwa(t) = 50 +igle ™o, — o), (77)
where we have introduced the effective coupling constant g = 4 The Hamiltonian (77) is taking to
a time-independent form Hr by means of a periodic unitary transformation P(t) = e~/(c0+0:)vt/2
by means of the standard transformation rule Hr = P'(t)HgwaP(t) — iP" (t)0;P(t). Explicitly, we
have

u
HF:_EOO_EGZ_gGy' (78)

Defining the Rabi frequency Qr = +/u? + 4 g? the approximate quasi-energies are found to be
given as
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(a) + OKQR)

: (19)

(c:a:_

where a = +1 is the energy subband index. The corresponding approximate Floquet
eigenstates are

B e—ieat efz'a)t /-QR —au
|(I)a(k,t)>—7< ia\/m ) (80)

V20r

As before, once the Floquet quasi-energies and eigenstates are found, one can evaluate any
physical quantity of interest. For instance, one can evaluate the spin (or any other related
quantity that satisfies the Pauli matrices algebra) polarization. In addition, the evaluation of
the charge as well as spin currents can be given analytical expressions within the RWA. The
relevance of resonant phenomena in nature has already been highlighted in the introduction,
but we would like to remember that within this scheme, photon-assisted transport is one of the
many resonant processes that can be properly described via the RWA. However, we must
mention that one of the drawbacks of the RWA is that it does not take into account a systematic
shift of the resonant energies which occurs at higher coupling strengths to the driving field.
These are the so-called Bloch-Siegert shifts which emerge from the neglected secular terms.
Thus, in order to go to higher coupling strengths and preserve a more realistic physical picture,
this secular term should be included. In this context, the Van Vleck quasi-degenerate pertur-
bation theory as well as Magnus expansion approach can be useful semi-analytical tools and
we refer the interested reader to Ref. [41] for a detailed treatment of the Magnus expansion
approach and to Ref. [42] for a thorough description of the Van Vleck approach.
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