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Chiral Luttinger liquids in graphene tuned by irradiation
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We show that chiral co-propagating Luttinger liquid edge modes can be created and tuned by shining high-
frequency, (time-reversal breaking) circularly polarized light, normal to the layers. The one-dimensional chiral
modes can be localized either at the edge of the system or at a domain-wall created when different portions of the
graphene sheet are irradiated by oppositely polarized light; the number of such modes depends on the mismatch

of Chern numbers across the boundary or domain wall. These modes, under a high-frequency drive, essentially
have a static charge distribution and form a chiral Luttinger liquid under Coulomb interaction, which can be
tuned by means of the driving parameters. We also note that unlike the Luttinger liquids created by electrostatic
confinement in bilayer graphene, here there is no back-scattering, and hence our wires along the edge or domain

wall are stable to disorder.
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I. INTRODUCTION

One of the main reasons for the intense interest in bilayer
graphene in recent years has been the fact that it has a tunable
band gap [1-5], which can be modulated by an applied gate
voltage, unlike the single layer case [6], which typically re-
quire staggered fields to open up a gap. More recently, it has
been realized that it is possible to confine electrons in gated
bilayer structures by applying inhomogeneous electric fields
[7] in such a way that one dimensional states can be formed
at the domain walls separating the two different insulating
regions with different gate voltages. These states are similar to
the zero modes that form at domain walls in polyacetyline [8],
superconducting vortices [9] or other solitons in field theories
[10]. They are free to move in the direction perpendicular
to their confinement and are hence nanowires which can be
tuned by the gate voltages. The effect of electron-electron
interactions on such wires have also been studied [11] and it
has been demonstrated that these one-dimensional nanowires
behave like strongly interacting Luttinger liquids. Thus bi-
layer graphene has been shown to be a useful substrate to
create and manipulate strongly interacting one-dimensional
quantum wires.

Floquet engineering [12-19] or the generation of new
Hamiltonians that are not present in static systems but emerge
in driven systems, have recently become a very important field
of study. In the case of graphene, it has been realized that
the possibility of tuning the band gap by shining light greatly
increases the potential of applications and there has been con-
siderable work [20-29] on new topological phases obtained
by shining light on graphene, as well as bilayer graphene
[30-33]. Recent experimental observation of anomalous Hall
effect in irradiated graphene confirms the Floquet bands and
their nontrivial Berry curvature [34]. Since shining light
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changes the electric field acting on the electrons in graphene
or bilayer graphene, a natural question to ask is whether it
would be possible to create confinement of electrons using in-
homogeneous light instead of an inhomogeneous electric field
using gates. As we shall see in this paper, this question can
be answered positively. Moreover, unlike externally applied
voltages, shining light breaks the time reversal invariance of
the system, and so we find that the edge states that are created
by confinement by light are chiral in nature.

Our main focus in this paper will be the edge modes of
either single-layer (SLG) or A-B stacked bilayer graphene
(BLG), which is irradiated by circularly polarized lights
(CPL) applied perpendicular to the plane of the layers. Apart
from the edge modes at the boundary of such uniformly irradi-
ated systems, confined modes can also emerge at the interface
where there is a change in the polarization or phase of the
CPL, either on SLG or BLG. We shall show that the steady-
state edge modes near each of the valleys turn out to be chiral
(either both left-handed or both right-handed), since they re-
sult from the breaking of time reversal symmetry by light. For
high-frequency driving, these modes are time-independent
and in the presence of Coulomb interaction, the interactions
between the modes are also essentially time-independent. We
shall then show that Coulomb interaction between these chiral
modes leads to their mixing, which can then be rediago-
nalized using the standard techniques of bosonization and
Luttinger liquids. We can then obtain the power-law behavior
of the charge density and spin density correlation functions
and show that the exponents, which should be sensitive to
scanning tunneling measurements, can be tuned by chang-
ing the amplitude of the impinging radiation. Although we
model our system based on single or bilayer graphene, we
expect the qualitative aspects of the resulting chiral Luttinger
liquid physics to be model independent and hence, a similar
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treatment could also work for other topological edge modes
of driven symmetry-broken phases.

The paper is organized in the following way. We review
the effect of periodic driving in single and bilayer graphene
and the topological origin of the edge modes in Sec. II. In
Sec. III, we discuss properties of such edge modes, especially
their time dependence, when the driving is weak and at high
frequency. In Sec. IV, we present the formal Luttinger liquid
analysis for interacting edge modes, focusing on the cases of
the edge modes of uniformly driven SLG and BLG as well
as the domain-wall states of differently driven SLG and BLG.
We summarize our findings in Sec. V.

II. IRRADIATION BY CPL: HIGH-FREQUENCY
APPROXIMATION

We consider the model of bilayer graphene below and
analyze the resulting effective static Hamiltonian in the high-
frequency limit. The results of a single-layer of graphene
can be recovered in the absence of interlayer hoppings.
The Hamiltonian, for the electrons of each spin, on bilayer
graphene contains the Hamiltonian of each of the single lay-
ers, Hgi g, and a coupling Hamiltonian between the layers,
Hinler:

Hsig = —t Z a,T’ibl,j + H.c., D
(ij)l

Hinter = 1 Z a;ibl,j + H.c., 2)
i€A,jeB

where [ = 1,2 denotes the layer index, and a’ and b' are,
respectively, the creation operators for the A and B sublattices
of each of the layers. t and 1, are, respectively, the intra-
and interlayer hopping amplitudes and we take the estimation
t, = 0.1f witht = 2.7 eV. The notation (. .. ) denotes nearest
neighbors. For each single layer, if not coupled to a second
layer, the electrons follow a relativistic dispersion near the two
distinct Dirac nodes K and K’ with the Fermi velocity v given
by hv = %tao, where aq is the lattice constant. For the rest
of the paper we set i = ap = 1, which serves as our unit of
energy and length, respectively. We consider Bernal stacking
of the two layers, where the interlayer hopping amplitudes are
only between the A sublattice of the top layer (layer 2) and
the B sublattice of the bottom layer (layer 1), as shown in
the Fig. 1, which is the most stable configuration of bilayer
graphene structure [35].

The low-energy Hamiltonian, at a single Dirac node is
given by [1,7]

0 vt 0 0
vr 0 1 0

0 1 0 vt

0 0 1554 0

H= , 3

written in the basis of the wave functions W =
(Ya1, ¥B1, Ya2, ¥p2). The canonical momenta are
defined as 7 = p; +ip,, 7t =pe— ipy, in terms of the
quasimomentum operators p, and p,.

We now apply high-frequency circularly polarized light
(CPL) perpendicular to the plane of the layers. The vector

FIG. 1. The primary setup of our study: an A/B stacked bilayer
graphene nanoribbon (with a finite width in the x direction) is being
irradiated with circularly polarized light of opposite polarizations
across a boundary (marked with a dashed line).

potential of the radiation is of the form
A(t) = (A cos(wt), Ay sin(wt + 6), 0), “)

where o is the frequency of the light and 6 is its polarization
angle. To work legitimately in the low-energy sector around a
single Dirac node, post the application of radiation, we need
to assume that the amplitudes A, and A, are weak enough
to allow for a linear dispersion approximation to hold. The
Hamiltonian for BLG in the presence of such a driving force
is given by

0  vAte) 0 0

| vE@) 0 t 0
HO=1"9 ) 0o witn] @

0 0  vEG) 0

where
7(t) = (px — €A, cos(wt)) + i(py — eAy sin(wt + 6))

denotes the canonical momentum with the gauge field A(r)
being included in H in a minimally coupled fashion, with
e being the electronic charge and setting the speed of light
¢ = 1. Since we take the frequency of the light to be very high,
i.e., much larger than all other scales (such as intralayer or
interlayer hoppings) in the problem, it is possible to compute
an effective time-independent Hamiltonian for the system.
There are several high-frequency approximations [25,36—41]
that one can use to obtain the static Hamiltonian, all of which
agree to first order in the inverse frequency 1/w. Using one
such approximation, we obtain the effective static Hamilto-
nian, given by

l > Hﬂ! H*ﬂ —
Heff%")'-lo—k—zg—k(?(a) 2., (6)
w = n
Here, H,, denote the Fourier coefficients of the periodic time-

dependent Hamiltonian [H(¢) in Eq. (5) in our case] and [,]
denotes a commutator bracket. Rewriting the Hamiltonian
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H(t) in Eq. (5) as
H(t) =Ho + Hie +H_je ™,
we obtain

0 vt 0 0
VI 0 tp 0

=1 t, 0 vr'
0 0 (%4 0
and the Fourier coefficients H,—+; as

0 ' —2(A, FAet) 0 0

—2(A, £A,et) 0 0 0

Hir = 2 A +i0y |’

0 0 0 A —5(Ax FAye™)
0 0 —2(A, £ Ay ™) 0

where A = ve. The effective time-independent Hamiltonian for the BLG system driven by high-frequency CPL is thus obtained
from Eq. (6) (restricting n < 1), up to order 1/w, as

2
— % cos@ al 0 0
Ay
Hoo — %54 7 COSs 0 1, 0 e
eff )LZV + 3
0 1 — - cost v
@ 2
0 0 v ’:—V cos @
o}

where y = 4A,A,. Hence, the effect of the CPL, in the high-frequency limit, is essentially to introduce an on-site modulation on
the sublattice sites of the two layers. This amounts to a sublattice staggered potential at the A and B sites of both layers. Thus we
see that shining light gives rise to an effective Haldane gap at both the valleys.

In the above effective Hamiltonian, if we set #, = 0, we recover the effective Hamiltonian for each of the single layers of the
graphene sheet as

2
SLG —22 cos 6 vrt
Hgew = @ > , ®)
eff ATy
VT T cos 0
2
which has the form of a two-dimensional Dirac equation with the mass term given by m = % cos 6. This immediately implies

that the sign of the mass term, and thus the Chern number can be modified by changing the sign of cos 8, near each of the Dirac
points. If we have opposite polarization of the irradiation for x > 0 and x < 0, then this gives rise to two resulting topological
edge modes at x = 0, of the same chirality, one each near momenta K and K'.

For BLG with 1, # 0, our next step is to compute the effective low-energy two band model which describes the physics from
the four-band Hamiltonian (7) using a prescription [42] similar to that which has been used for gated bilayer graphene [7]. To
do that, we first rewrite the H.s in a modified site basis (A1, B2, B1, A2) where the effective Hamiltonian takes the form

- %’ cosf 0 vt 0
0 ﬁ cos 6 0 v Hl 1 H12
Hee = 4o = ( ), 9
o VI 0 %’ cos @ t Hy Hp ©)
0 vrf 1, - % cos 6
where H;; denote the appropriate 2 x 2 blocks. The eigenvalues € of Hegr can then be shown to follow the identity
det(Hetr — €) = det(Hy — Hip(Hy — €)” 'Hy — €) x det(Hy — €). (10)

In the low-energy regime where € < t, and where % <K tp, since Hyy — € >~ Hy,, we can project the four-band Hamiltonian
onto the two low-energy bands, given by the Hamiltonian

2

2 2
—%cos@(l—l—%) —
2

0]

2
2t

1

L __ _ -1 _
Heff —Hll H12H22 HZl - _ﬁ );—w]/cos@(] " U2p2) 5 (11)

2
p 7

where p = (mﬂ)% =Vp:+ pi. Under the approximation where we drop the second term in the diagonal part of the Hamilto-
nian, this Hamiltonian becomes very similar to the Hamiltonian derived for gated bilayer graphene [7]. In this approximation, the
potential terms on the diagonal and the momentum dependent terms on the off-diagonal parts of the Hamiltonian are decoupled.
Any position dependence in this Hamiltonian can now be introduced in the system consistently by simply promoting p. and p,
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to their corresponding differential operator representations.
This allows the eigenvalue problem to be duplicated by a
quasi-classical Hamiltonian of the kind derived in Ref. ([7]),
written as

AL = —¢p)o. — (P2 — p2)ox — 2pspyoy,  (12)

where ¢(x) = t5a3/2v2 X (Azy cos 0(x)/4w) in our case and
momenta are measured in units of inverse lattice constant (i.e.,
1/ag). For the case of a bilayer strip, which is finite in the
x direction and translationally invariant in y, p, is a good
quantum number, whereas p, is an operator. Hence, we need
to solve the pair of coupled differential equations, obtained
from the eigenvalue problem for the Hamiltonian in Eq. (12),
for the potential profile contained in ¢(x). When ¢(x) has
a step profile, changing sign across a boundary, topological
zero-energy modes are localized at the kink. For the case of
confined modes, we introduce a position dependence in the
polarization angle of the irradiation. The zero modes are then
confined at the domain wall obtained when we have light of
two different polarizations for x < 0 and x > 0.

In fact, the Chern number associated with the ground state
of Eq. (12) is given by sgn(¢), which is easily seen as follows.
We rewrite the effective Hamiltonian (12) as

o [ - k2e2i0
HYy = [ ,

¢ K2e-20 ¢ (13)

with k = /k2 + k2 and 6 = tan™" (). Diagonalization gives
the wave functions
et K
V(£ P2 +k4)?
14
e i £/ Pk 14
/k4+(¢i /¢2+k4)2

with energies €1 = +,/¢? + k*. For the lower energy band,
the Chern number is then readily given by

v, =

o / AP (B, W19, W) — (B, W90, W)] = sen(@).
(15)

For the edge of the sample, this implies the presence of a
single chiral mode for each spin. On the other hand, Chern
number changes AC = 2, for each spin, across the boundary
of regions with different signs of ¢, i.e., in the case where the
two sides are driven with different polarizations ¢ = +m and
¢ = —m. So there are two chiral modes for each spin at the
domain wall.

All of this is at a single Dirac point. At the other Dirac
point, the operators 7 and 7' are interchanged. It is easy
to check that this only leads to a change in sign in the ef-
fective potential term ¢(x) in Eq. (12). So essentially, the
operators at the K and K’ points are related by the symmetry
¢(x) - —p(x), py — —py. This, in turn, comes from the fact
that the effect of radiation essentially acts like a time-reversal
symmetry breaking staggered potential and so, unlike in the
gated bilayer graphene system, the edge states at both the K
and the K’ valleys have the same chirality (decided by the
chirality of the circular polarization of the impinging light).

In general, for an n-layer graphene sheet, one expects the
Chern number change for each boundary of the irradiated
region to be n x sign(¢) [43,44], for each spin, and at the
domain wall, since it has two “boundaries,” the change will
be twice as much. The spread of the wave function at the
domain wall depends on the driving strength and amplitude.
Further, the irradiation with two different polarizations at the
two sides may interfere near the domain-wall, giving rise to
an unpolarized region, spreading over a width of the order of
the wave length, although one expects the edge modes to be
robust given their topological origin.

III. TIME-DEPENDENT EDGE MODES

In the previous section, we discussed how the polarized
irradiation induces topological gaps at the K and K’ Dirac
points. If a single layer of bilayer graphene is irradiated
uniformly with a circularly polarized light, the resulting
topological state results in one and two chiral edge modes,
respectively, for single and bilayer, at the boundary of the
sample. If the regions irradiated by opposite polarizations
are separate, as shown in Fig. 1, one expects edge modes
at the interface. If the two sides are irradiated by right and
left circularly polarized light (i.e., 8 = 0, & on the two sides
with A, = A, = Ay), the net change of Chern number, for
each spin, across the interface is two (four) for single-layer
(bilayer) graphene and accordingly one expects two (four)
chiral modes to run along the interface. We study the edge
modes through a tight-binding simulation, by incorporating
the vector potential Eq. (4) in the Hamiltonian (1) by Peierls
substitution, neglecting the phase difference in A(r) between
the two layers, which is justified as ljyw/c < 1, where c is the
velocity of light and /¢ is the interlayer distance. The steady
states of the time-periodic Hamiltonian H (¢) after the Peierls
substitution can be found using the Floquet theorem, which
states that the eigenstates will be of the form

Yolt) = e uy (1), (16)

where €,s are the “quasienergies” and u, (¢ ) are periodic func-
tions, called the Floquet states, both of which can be found
from the eigensystem equation

(10 — H(t))ua (1) = €qlte (7). a7

For a high-frequency drive, the quasienergy spectrum of a
nanoribbon is shown in Fig. 2, highlighting the edge modes,
for both the case of edge modes at the interface of differently
driven regions of SLG and BLG, as well as at the boundary
of a uniformly driven BLG. The edge modes appear at each
K/K’ points with a slightly different Fermi velocity v; and
vy. Appendix A has a discussion of how higher orders in the
high-frequency expansion lead to the fact that v; # v,. The
spread of these edge modes depends on the topological gap,
which is proportional to A}/w. In Appendix B, we briefly
discuss such dependence.

Before we proceed to analyze the properties of the topo-
logical edge modes under Coulomb interactions, which we
introduce perturbatively, a justification of the use of the non-
interacting Floquet analysis is due. A number of recent papers
[39,45-47] argue that, for a rapidly driven closed interacting
system, the heating timescale (t;) is exponentially large in
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FIG. 2. (a): Quasienergy dispersion and edge modes (marked) for an uniformly driven BLG nanoribbon as a function of the momentum
along the axis of the ribbon (identical for both the spins). At a given edge only two chiral modes are present (see main text for discussion).
The result for a uniformly driven SLG is very similar to the case of a uniformly driven BLG, except there is a single mode of each spin at
the boundary. (b) and (c) show the quasienergy modes [Eq. (17)] of the SLG nano-ribbon system with two oppositely polarized irradiation
on two patches, as a function of the momentum along the axis of the ribbon (k,, see Fig. 1), near the K and K’ Dirac points (momentum is
measured in units of 1/ay, ap being the lattice spacing of the hexagonal structure), in a given spin sector. A total of two edge modes, which
run along the domain-wall between the differently irradiated regions are marked in the figure. There are also edge modes at the boundary of
the sample, running between the valleys, which are shown, but not marked. Similarly, the quasi-energy dispersion and domain-wall modes,
with two oppositely polarized irradiation on two patches, are shown in (d) and (e) for BLG. For one of the two edge modes in (a), their spatial
character is depicted in (f), showing the weight of the steady-state wave functions in layers 1 and 2. For the domain-wall mode in (b), the spatial
character is depicted in (g), showing the weight of the steady-state wave functions in A and B sublattices in the single layer 1. For one of the
domain-wall modes in (d), the weights of the wave function in shown in (h), in both sublattices as well as in the two layers. The spread of the
wave functions in all cases depends on the strength and the frequency of the irradiation as well as on the gap of the bulk-states at the relevant
momentum point. A frequency of w/t = 30, an amplitude of Ay = 0.3, and 200 sites for each layer (each site contains A and B sublattices) has
been used in the numerical simulation.

the driving frequency. In the intermediate time, the system’s
dynamics is governed by an effective Hamiltonian, which one
may obtain from a high-frequency approximation, such as
the van Vleck expansion used in our system. If our system
is weakly connected to an environment, giving rise to a re-
laxation timescale t;, then as long as 7; < 1, one expects
the system to not be heated. Further, with a high-frequency
drive, even when there is a gap opening due to the breaking
of a symmetry, such as in our case, one expects no population
inversion [48,49]. This allows us to consider the occupations
to have the standard Fermi-Dirac distribution. We further con-
sider that the bulk system, which has Dirac dispersion near
the Fermi energy, is essentially noninteracting and that the
Coulomb interaction is only important in the edge modes. This
assumption, strictly speaking, needs to be further justified,
and can be argued as follows. First, since the edge modes

are topological, they are expected to be robust against weak
interactions in the bulk. Second, since the edge modes are
one-dimensional, the effect of Coulomb interaction among
them can not be neglected.

Assuming that the preceding approximations hold, we fur-
ther proceed to make an another argument to justify the
application of Luttinger liquid theory, namely, we argue that
the interaction among the edge modes are also effectively
time-independent. In the presence of perturbative interactions,
the effective interaction elements among modes with similar
quasienergies can be written as

(Vo (O Vint|[ Y (1)) = (1t (1) Vint |1t (1)), (18)
where we have used the fact that |, — ¢,/| < w. Expand-
ing in Fourier components, |uy (1)) =7, e~ inwt |ufx”)), the
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right-hand side of the above equation can be written as

— Zei(nfm)wt<u((xn)|‘7im|u((¥nll)>. (19)
n,m

We show in Fig. 3 that for the edge modes, |#?) is dom-
inant, and other Fourier components can be neglected [i.e.,
the time dependence of 1, (¢) is governed by only the dy-
namical phase factor]. This essentially results from the fact
that the gap opening (and thus the resulting edge modes) at
the K and K’ points takes place even for an infinitesimal driv-
ing amplitude without any relevant change of the occupation
number [48,49]. This allows us to simplify the interaction
matrix elements among the edge modes to be effectively
time-independent.

As the effective static Hamiltonian can only predict dy-
namics in stroboscopic times [40], the states may still have
significant transverse dynamics. We check this in Fig. 3,
where, we examine the transverse dispersion of a wave packet,
initially introduced at the domain-wall of the two topolog-
ically distinct regions, when driven by the time-periodic
Hamiltonian. The results show that, for a few hundred cy-
cles, the wave packet can be considered to be confined at
the interface of the two regions, although for BLG (unlike
for SLG), the wave packet starts spreading for about a 1000
cycles. In contrast, if the dynamics had been strictly driven by
a time-independent effective Hamiltonian, as was derived in
the last section, we would have found that the wave packet
would have remained confined to the interface for a much
longer time. This hints at a nonvanishing transverse velocity
and a limit to the timescale for the validity of the effective
one-dimensional nature of the low-energy excitations. For a
uniformly irradiated sample, we find the wave packet to be
even more robust at the edge, when the edge is a zigzag edge,
also shown in Fig. 3. This variation of timescales in these
different cases can be attributed to the localization lengths
of the edge-states which one expects to be much smaller
when the bulk gap is larger (depending on the transverse
momentum).

It should also be noted that if the original wave packet
had been prepared in the state of |u,(¢)) (or, equivalently,
~ [u)), the wave packet would have been confined to the
boundary for an infinite time, as the Floquet states would
then be eigenstates of the Hamiltonian. This, however, would
require careful initial state preparation, which may not always
be an easy task.

IV. LUTTINGER LIQUID ANALYSIS

As argued in the previous section, the steady-state edge
modes in this system are essentially time-independent, allow-
ing us to consider an effective time-independent interaction
Hamiltonian, which is crucial for our use of Luttinger liquid
theory [50]. Keeping this in mind, we write the interaction
among the (effectively time-independent) edge states of the
time-periodic Hamiltonian as

1 > .-
Hin = 5 f drdrpV G —p().  (20)

Here we assume that p(r) has a trivial time-dependence,
which we justify as follows. We write the field
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FIG. 3. [(a)—(c)] For one of the edge modes, the weight of the
discrete Fourier components of the Floquet states is plotted (in a
logarithmic scale), showing that the n» = 0 component is several
orders of magnitude larger than the other components, giving rise
to essentially time-independent Floquet modes and allowing for an
effective time-independent interaction among them. (a) Corresponds
to the edge mode at the boundary of uniformly driven BLG, whereas
(b) and (c) correspond to the edge mode at the interface of regions
driven with opposite polarization in SLG and BLG respectively. In
(d)—(f), we show the dynamics of a Gaussian wave packet (which is
not an eigenstate) introduced at the interface of the system with two
different polarizations for these corresponding three cases. Even after
thousands of cycles, the wave packet remains essentially confined to
the edge. In (d), we depict the dynamics at the edge of uniformly
driven BLG, where we show an initial Gaussian wave packet and its
modification after 1000 cycles of the drive. Similarly, in (e) and (f),
we demonstrate the effect when the wave packet is introduced at the
interface region in SLG and BLG, respectively, where we show an
initial Gaussian wave packet and its modification after 100 as well
as 1000 cycles of the drive. The parameters used were w/t = 30
and Ap = 0.3. The results for the edge of uniformly driven SLG (not
shown) is qualitatively similar to that of the BLG.

operator of the driven system as W' (7, 1) = > (Flve U»“Z —
Za,n el CtnON 7yl - where |uy (1)) = >, e~ ) are
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the Floquet states as defined earlier as well. Then,

p(F 1) = VI F W, 1)

— Zzei(ea—sﬁ)r [ei(n—m)wt<ul(3m)| >( |u(”))]a ag

a,p nm

-y Sl W}, o

n

P T | B e o

n,m#n

2y

So, if [(Flu@)] > |(Flu"#D)| is satisfied, then generally the
nontrivial time dependence of the above equation (second
part) can be dropped. As mentioned before, we have verified
this in Figs. 3(a)-3(c). Further, we have also studied wave
packet dynamics of a Gaussian wave packet in Figs. 3(d)—
3(f), where we have obtained the timescale below which any
transverse motion due to the dynamics of the edge-states can
be neglected and a Luttinger liquid formalism based on the
time-independent density operator can be justified.

We consider four cases: (i) for a uniformly irradiated sam-
ple of SLG, within the effective time-independent description,
at low energy, we have a chiral mode of each spin at the edge
of the sample. (ii) For a uniformly irradiated sample of BLG,
we have two chiral modes (of each spin) at the edge of the
sample. (iii) For a sample with two regions irradiated with
oppositely polarized light, there is one chiral mode at each of
the Dirac points K and K’ (in total two), for each spin (o)
for the SLG and (iv) we have two chiral modes at each of the
Dirac points K and K’ for each spin (o) for the BLG. When we
have multiple modes of each spin, we index these modes by
o = 1, 2 for the cases (ii) and (iii), and o = 1g, 2¢, 1g', 2x
for the case (iv). Assuming translation invariance along the
y direction, we can further write the field operator for each
mode, taking into account only the modes near the Fermi
energy, with R = (x,y) as

Uy (R) =) Voo (R) =

where &,,(y) is a slowly varying function along y. The inter-
action Hamiltonian can then be expressed as

Hm:— 3 / dydy W} (R)YW!,(R)WV (IR - R'|)

’Y o0 ))

D a0 ey (), (22)

x U ,(R/)\D R,

=5 ¥ [awrn 23)

oo'yy'{a}

where the integrand can be written as

iy Ak—iv(k} —kP)

¢ * * / /
h = m%(ﬂ%@ )y (x)s (x)
X &l NES 6 = Dby (v = DEso (), (24)

where j = y — y’ and considering the functions & to be slowly
varying, momentum conservation requires Ak = 0. Note that
we have assumed the potential V (|JR — R’|) to be of the form

e/ + (x —x')2.

K’ K

FIG. 4. Various types of scattering processes allowed by the
interaction Hamiltonian among the domain-wall modes in BLG.
(a) shows the processes which are of the density-density type
(class I), whereas (b) shows all the inter-mode scattering processes
(class II). The processes in (b) are sub-dominant by several orders of
magnitude and are neglected in our analysis. Some of the processes
are naturally not possible in case of domain-wall modes in SLG or
the edge modes of uniformly driven BLG.

Broadly speaking, the possible scattering processes can be
divided into two classes, shown as classes I and II in Fig. 4.
Computing the bare scattering amplitudes of all the processes,
we find that density-density type interactions (class I) are the
dominant ones by several orders of magnitude and hence, we
keep only such processes. Furthermore, since all scatterings
in class I take place in the same mode, we may take k). = kﬁ.
In this case, the form of /& can be written as

1 * * / /
h = \/)_)ZT—_X/)Z%,(XW,Q(X B (X )P (x)
x & ES (v = Depor (v — Do (). (25)

We may now write the one-dimensional form of the interac-
tion Hamiltonian in terms of the standard two-body scattering
amplitudes V4o« defined below as

~ o
Hint ~ ?g / dy%;vaa’a’a
x Y Bl DEL, DEre e (). (26)

where the scattering amplitudes are given by

aaaa— E

X.)CXO(

X @y () (X ) o (X ) (X). 27

—i—(x—x)2
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These amplitudes can be computed, numerically, from the
Floquet states. An effective fine-structure constant o, ~ 2
for single-layer graphene is used, and we write all velocities
in terms of the velocity of electrons in graphene. For
bosonization, we adopt the following notations: £, (y) ~
e VLD po () = 6y (Mbao () = ==V Puo.  Here
@, (y) is the bosonic field operator. Note that we have not
included Klein factors, as they can be set to unity in the
density and they do not affect the correlation functions that
we compute in this paper. In this notation, the density-density
interaction becomes

1
Pac Po'c’ = ;Vcbom (y)vcba’a’(y)- (28)

Writing  H = H, + Hin = [ dx[Hy + Hiw] = [dxH, the
Hamiltonian can be written in the bosonic language as

H = H() + Hjn[ = Z U%(vq)aa)z

oo

1
+ E Z Vaa’a’(x Z Vcbomvcba’a’a (29)

where the sums over the « and o indices include all the modes
at both Dirac points. We further introduce bosons correspond-
ing to different charge, spin sectors for different channels as
follows:

Par + Poy o Pat = Pay
\/5 ’ os \/E ’
where o = 1 for uniformly driven SLG, o = 1, 2 (boundary
of uniformly driven BLG) or K and K’ (interface of SLG)
or 1g, 2k, 1g/, 2 (interface of BLG) are different channels;

here, ¢ denotes the charge sector and s denotes the spin sector.
Simplifying we get

Dy = (30)

D VO Vg = 2V PV Dy 31
oo’
So the Hamiltonian can be written in terms of the charge and
spin bosons as

Ho =) V[V ®uc) + (VP )], (32)

1
Hiy = ; Z Vawaa VPoc VP, (33)

oo’

where we note that the Coulomb interaction term modifies
only the charge sector. Thus, in the absence of scatterings
involving spin, the SU(2) spin symmetry is intact and the spin
sector is not expected to be renormalized.

A. Uniformly irradiated SLG

In the case of uniformly irradiated SLG, there is a single
charge mode, which decouples itself from the spin mode,
following our previous discussion. The Hamiltonian of the
charge mode is simply then

H, = (Vd,)* x (vp + l\/) = A(VO,), (34)
b4

where V is the forward scattering amplitude, which simply
implies a renormalized Fermi velocity of A = (vr + %V).

0.20
(a)
.
o--o UF //’
015} o mA s
/,l"/ )
0.10} - e
o -
< e
[ 005F o -7
<)
0.00 .
0.30 0.35 0.40 0.45 0.50
A,
0.35 2.85
()
030} ®-®UF ¥
-V A IR Sl 12.80
025} m--m A; B Zeasnnl '
It
0.20F w----"
~ v e 1275
< 015 e
BN _———._,—' ~
g ol0f o~ a oz
005} & - - u
) —
0.00 bt s s s 1765
0.30 0.35 0.40 0.45 0.50
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FIG. 5. (a) The renormalized velocity of the charge sector, A of
the edge modes at the boundary of uniformly driven SLG, under
Coulomb interaction, as a function of the driving amplitude Ay.
(b) The renormalized velocities, A; and Aj; of the edge modes at
the boundary of uniformly driven BLG, under Coulomb interaction
as a function of the driving amplitude Ay. The velocities before the
introduction of the Coulomb interaction are v}. ~ v: = vp are also
shown in both the graphs. The velocities are measured in units of

v = 3tay/2h.

The correlation functions of the fermions, which are the same
for both ¢ = {1} spins, are given by [51,52]
(Uo (7. )W) (0, 0)) ~ exp({Dy (v )D(0,0)))  (35)
O, + b,
V2

If v; is the velocity of ith diagonal mode (i = c, §), one can
further write

with CD{T“ =

1
(P;i(y,1)P;(0,0)) = —Eln(y — v;t)dij, (36)
which gives us
1
= AD? (y = vpt)?

We show the variation of A as a function of the driving
amplitude in Fig. 5(a).

(W, (v, HP(0, 0)) ~ (37)

B. Uniformly irradiated BLG and interface at SLG

The Hamiltonian for the charge sector, when there are two
edge modes, either at the boundary of a uniformly irradiated

155428-8
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2.2
() (b) ©
9.0f
2.0t
V-V 0=08r 8.5
4.0¢ op HA f=m 1.8}
A =087
3.5}
ogmmo " 8.0
3.0t oI O--06=08" 1.6 A--A =087 ,
/’ ABLG Vv i=x
2.5¢ pret R . ABLG BEi=r 7.5k /, V-V 0 =087
———— " lo-oe=osr| Ul
2.0 1.4L . . . . . . \ . .
0.25 0.3 0.35 0.4 0.3 0.35 0.4 0.45 05 03 0.35 0.4 0.45 0.5
AO AO AO

FIG. 6. The renormalized velocities of the edge modes, at the interface of regions driven with opposite polarizations, under Coulomb
interaction as a function of the driving amplitude A, and the difference (6) of the polarization angle of the irradiation between the left and
right halves of the nanoribbon as shown in Fig. 1. 6 = & represents the maximum difference—the case where the two drives are right and left
circularly polarized. In (a), we show the two renormalized velocities ALY and ASLC for the edge modes of the SLG setup. Here, vr is the
velocity of the two original modes. Similarly in (b) and (c) we show the result for the BLG system, where only the two modes of the (4) sector
are renormalized (see the main text), with renormalized velocities ABXC and ABFC. The velocities are measured in units of v = 3tay/2/.

BLG or at the interface of oppositely polarized irradiation on
SLG, can be written as

HC = [Vq)lc VCDZC]RI:Vq)lC]’

Vo,

vl + 1y
R—[F w4 (38)

1
xVB }
- 1 1 ’
;VB v% + ;VA

where we have explicitly used the form of the resulting
scattering matrix. v},/ > are the Fermi velocities of the nonin-
teracting edge modes (1/2 correspond to K/K' for the case
of interface states at SLG). Here V4 = V40 and Vg = Vyywra
(¢ # ) as well as the Fermi velocities depend on specific
parameters and the system in consideration (such as whether it
is at the edge of uniformly irradiated BLG or at the interface of
differently irradiated regions at the SLG, as well as the nature
of the edge). This sector can then be diagonalized using the
canonical transformation

d)KC = COS Gs&)h‘ + sin ®s&)2m

Pgre = —sin O, P, + cos O, Dy, (39)

with tan(20,) = %VB/(v% —v}). If Vg # O and v} ~ v7, one
obtains ®; ~ /4, whereas if Vg =0, then ®; = 0. The
renormalized velocities become

A; =Ry cos® O, + Ry sin® O — 2R, sin O cos O, (40)

Ay =Ry sin? O + Ry cos® Oy + 2Ry, sin O cos O. (41)

In Fig. 5(b), we show the renormalized velocities A; and Aj;
as a function of the strength of the incident radiation for the
edge modes of uniformly irradiated BLG. In Fig. 6(b), we also
show the corresponding renormalized velocities for the modes
at the interface at SLG, where we also study two possible
differences of the polarization angle (6): 0 = m where the left
and right halves of the graphene layer are irradiated with left
and right circularly polarized light and for & = 0.8 where the

polarization difference is slightly less. Interestingly, we find
that the velocities are strongly renormalized, in either case, as
a function of the amplitude of the light. They also depend on
the difference in polarization of light impinging on the two
halves of the SLG.

We next compute the correlation functions, following the
discussion in the previous section. The correlation function of
the original modes (1,2) are given by

(@1, (v, )] (0,0))

1 1 1
~ . (42)

cos2 O sin2 Oy 1
5 — M) 5™ (v — Apt)™3™ (0 — vpt)?

(W2 (v, )] (0, 0))

1 1 1
~ .43

(y _ Alt)sinzzéﬂx (y _ Allt)cosi(-).\- (y _ UFt)%

We obtain O, ~ 77 /4 (thus, sin® O, ~ cos> O, ~ 1/+/2) for
the relevant parameters, with weak dependence on the ampli-
tude of the driving and the polarization angle (not shown).
It is easy to check that, if one turns off the interaction,
the correlation functions become each of a fermionic mode
with velocities vF = v} ~ vZ. Finally, for a uniformly driven
arm-chair nanoribbon of bilayer graphene, the results of ve-
locity renormalization of the edge modes are discussed in
Appendix C.

C. Interface modes of BLG

For the case of BLG, one can proceed similar to the SLG
case. We start by writing the charge sector as

HO =) 00, VPV + ) Quar VPacV o,

[ ao’

(44)
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where
v 0 0 0
Y 0 v 0 O o [P P, 1[Vu Vs
P=lo 0 o o0 o=[p plir=2lv, v}
0 0 0 v

(45)
where v;¥ & v}p’(' = v} and v}¥ ~ v;',"' = v2. The form of the
Q and P matrices arises from the computation of the scattering
matrix elements. We proceed by performing another transfor-
mation

of, = Dmet Puoe g Puwe” Doee
nc \/z ) nc ﬁ ’
where n = 1, 2, to write
HE =) wl(VO)) + (V)]
n
2 +Upt
+ = > Vayn(VOLVDF ), (47)

nn’

(4 2
HE =Y vl [(VO))*] + - > Ve (VOLIPT),
n n’

(48)
HE =) vl[(V®,,)], (49)
]
allowing us to further write the (4) sector as
Vo
Hf =[V®} V& IR 1),
Vol
vh + 2V, 2y,
RBLG=|:F2”A . } (50)
;VB v + ;VA,

where it is evident that only the (+) modes are renormalized.
This sector can then be diagonalized using the canonical trans-
formation

O = cos @,®y, + sin @, P,

q);_c = —sin (H)b&)lc <+ cos ®b&>2c, (629
with tan(20,) = 2V/(v} — v}). For Vg # 0 and v} ~ v},

we obtain ®, ~ 7 /4, whereas if V3 = 0, then ®, = 0. The
renormalized velocities of the (+) sector become

APYS =RPIC cos® ©), + RS, 9 sin” @),

— 2RBLS sin @, cos O, (52)
A?,LG = R‘flLG sin® O + RZBZLG cos’ O

+ 2R}, sin ©;, cos Oy, (53)

whereas, for the (—) sector, the modes remain unrenormal-
ized. In Fig. 5, we show the renormalized velocities APLS and
ABLS as a function of the strength of the incident radiation,
as well as for two values of the polarization angle (8), which
show strong renormalization.

In terms of these diagonalized fields, the fields of the orig-
inal bosonic operator can be written as

1 5 -
Dipe = —=[cos Oy + sin @Dy, + D7 ],

V2

Dy = —=[—sin O, + cos OD,, + D, ],

1
V2
1 - -
Q= ﬁ[cos Od +sin @Dy — P ],
1 . < ~ _
= E[_ sin @® . + cos OD,. — O, ],
D, + Dy,
Dyppy = ——=— 7 =

Similar to the case of single-layer graphene, the correlation
functions are then given by

g = {1k, lg, 2¢, 2x'}. (54)

. X 1
(V1o 0 OF] (0,0)) ~ T
(v — APLOr)
1 1
x sin? O 1 3 (55)
(v — ABLG) 7 (v —vpt)?
1

and (B, o (0. )F]

2(,(‘,(1)0

(0,0)) ~

sin? ©)

(o= Ao

1 1
X

(56)

2

(y _ A?ILGt)w“@b (y — v%t)

NI

We obtain ®, & 7 /4 (thus, sin’> ©, & cos®> ®, & 1/+/2) for
the relevant parameters, with a weak dependence on the am-
plitude of the driving and the polarization angle (not shown).
Similar to the case of SLG. it is easy to check that, if we turn
off the interaction, the correlation functions become each of a

fermionic mode with velocities v} or vZ.

V. SUMMARY

For experimental realization, the crucial requirements are
that the topological mass gap, m = A%y /w be larger than the
temperature scale and the driving frequency be larger than
the other energy scales. The intensity of the circularly polar-
ized drive (I = 1cegE?) can be written as I ~ 10"« (fiw/t)
W /cm?, where the unitless parameter oy = eAay/Fi character-
izes the driving amplitude. Assuming the topological mass to
be of the order of meV and the driving frequency to be order
of an electron volt, we obtain iy ~ 102, which in turn deter-
mines the required intensity of the drive. In an experimental
setup, the possibility of heating may also need more careful
consideration.

To summarize, we have studied the possibility of tun-
able chiral Luttinger liquid states at the interface of driven,
topologically distinct states in two dimensions, specifically
focusing on single and bilayer graphene systems. The nature
of the gap opening of the bulk allows us to consider the
effective interaction among the electrons at the topological
steady states to be effectively time-independent so that we can
apply standard bosonization techniques to these interacting
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steady states. Our results suggest that these systems can act as
a platform for highly tunable chiral Luttinger liquids, which
can be further studied experimentally.
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APPENDIX A

In this Appendix, we write the van Vleck expansion up
to second order for bilayer graphene, which gives rise to

J

a small difference between the velocities v; and v, of the
topological edge modes at K and K’ momentum points. The
second order, i.e., O(w~?) correction to Hes, under the van
Vleck high-frequency expansion, is given by

1 1
— — _ H.c.).
e ; — (M, Hol, Hon] + Hec)

In our case, due to the sine and cosine nature of the driv-
ing, Hu; are the only nonzero Fourier coefficients of the
Hamiltonian and the resulting correction term reduces to
calculating ([[H;, Hol, H_11)/(2w?). For convenience of no-

tation, we introduce the following: o = A, —i—A),_e‘i@, B =
A —A, et F A +A, e’ and§ = A, —A, e~ Further
we use C = 2L cos, B_1—42(oz1“+,88) D_zhar

and E = szaﬂ to obtain

-C v B+ Evr 0 )
| vaB+Dvrt C t,B 0
Herr = 0 t,B —C vr'B+ Evr (Al)
t,D 0 vaB + Dvr' C
2042 2
It is useful here to note the relations B = 1 — X (f;z;A") and D' = E

Using this Hamiltonian we proceed to calculate the effective two-band low-energy sector. This can be done in the same way

as was done in the main text [1] to have

L L
HL — (Heff)1,1 (Heff)l,z (A2)
ff — ’
¢ (HeLff)z,l (HeLff)z,z
where the matrix elements are as follows:
Cv? .
(HeLff)L1 — ﬁ((B2 + ED)n'n + BD(x")? + EBn?), (A3)
C*+1,B
(H),, =1E — ﬂwz(n*)z +E’7? 4+ 2EBn'n), (Ad)
e p C? + t2 B2
(HY%),, =t,D — L(anz +D*(x")? 4+ 2BDn "), (AS)
eff/2,1 — P C2 412 B2
C 2
(Hf),, =C+ m(wz + ED)n'n + BD(x")?* + EB7?). (A6)
() T 0] (©
0.15 °
.‘. 140
jit
= || o
=)
." | °
0.05 [ 80
§ \ °
/ \ 60 o
/N .
D 0.00 = e TSNS
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FIG. 7. The domain-wall state’s wave function for (a) BLG and (b) SLG for a larger system size (1200 sites for BLG and 600 sites for
SLG) and for the amplitude of the drive Ay = 0.5 and w/t = 30, showing the confined nature of the state. (c) Plot of the standard deviation of

the amplitude of the wave function, which we estimate as spread, as a function of the amplitude of the drive A, for the domain-wall state in
SLG.
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This is valid in the low-energy regime when € <K
(1 — %(Afc +A§)), which holds if one ensures that
% L tp(1 = ZA—;(A)% +A§)). We can make some simpli-
fications to the above elements of H%; by making approx-

imations where terms of O(w™*) are dropped. Under these
approximations are, (B> +ED)~ 1 — A—z(A)% + A)Z,), BD ~

20?
D= 78T, EB~E = 3>af and E* = D? = 0. Addition-
ally, given the condition for the low-energy regime it follows
that tszz > C2. Using them, we re-examine the of-diagonal

L
terms of H_ g,

2
vV p F
(JLIeLﬂ,)L2 ~ t,E — 5(192(71*)2 +2Exn" ), (A7)
P

2
(H),, ~ 1,D — :—B(anz +2D7' ). (A8)
P
By comparing the above off-diagonal terms to the off-
diagonal terms for the low-energy effective Hamiltonian
computed in Eq. (11) where only the O(w™") correction from
the driving had been included, we see that the modifica-
tions coming from the #,D and #,E kind of terms here, as
higher-order driving effects, are responsible for the observed
asymmetry of the Fermi velocities of the chiral Luttinger
edge modes in this system. Thus higher-order terms in the
van Vleck expansion are significant in the regime where edge
modes are observed under the application of driving and are a
manifestation of the long range hoppings induced by the drive.

APPENDIX B

The spread of the wave function of the edge or domain-wall
mode depends on the amplitude and the frequency of the drive.
In Fig. 7, we show explicitly the spread of the wave function
using a larger system size for numerical simulation as well as
how the spread changes with increasing amplitude of drive A.

APPENDIX C

In this Appendix, we discuss uniformly irradiated armchair
nanoribbons. We have shown the Luttinger liquid analysis for
uniformly irradiated BLG sample in Egs. (38)—(42) and have
presented the results for zigzag edge SLG sample in Fig. 2, 3,
and 5. We are not showing the same analysis in the context of
a BLG nanoribbon with armchair edge. Here, we only show
the numerical results as presented in Fig. 8.
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FIG. 8. Bilayer graphene nanoribbon with armchair edges.
(a) The spectrum, highlighting the edge modes; (b) the Fourier
components of the Floquet states; [(c) and (d)] the spread of the
wave function of the edge modes; and (e) renormalized velocities
Ay and Aj; of the edge modes for the driven system. All other pa-
rameters are the same as in the Fig. 3.
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