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We study ABA trilayer graphene under irradiation of a circularly polarized light. In high-frequency regime, the effec-
tive low-energy Hamiltonian is obtained based on the Floquet theory. With increasing circularly polarized light intensity,
the band structure shows a band gap closing and reopening, which happen twice. The process of the band gap closing
and reopening is accompanied with a topological phase transition. We investigate the Chern numbers and the anomalous
Hall conductivities to confirm the topological phase transition. The interplay between light-induced circularity-dependent
effective potential and effective sublattice potential is discussed.
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1. Introduction

Graphene has attracted a great deal of attention for its
unique and promising electronic properties since it was dis-
covered experimentally in 2004.!12 Graphene is an allotrope
of carbon in the form of a two-dimensional, atomic-scale, and
hexagonal lattice. These properties enable researchers to re-
alize electronic devices with novel quantum properties. In
recent years, great theoretical and experimental research in-
terests have been focused on multilayer graphene systems.
Different from the monolayer graphene, the electronic and
transport properties of multilayer graphene can be modified
and tuned by changing the number of layers of graphene
and stacking order in a system. Among the family of mul-
tilayer graphene, the trilayer graphene has drawn intensive
research interests due to its intriguing band dispersion. Re-
cently, experimental developments in trilayer graphene have
been reported.3~71 Experimental and theoretical researches
have shown that trilayer graphene has a very high mobility,
and exhibits quantum Hall effect. Scherer et al.!® have shown
that quantum spin Hall state can occur in interacting trilayer
honeycomb lattices. Zhang et al.”! observed the predicted
unconventional sequence of quantum Hall effect plateaux in
trilayer graphene. Anomalous and spin Hall states were stud-
ied in weakly disordered ABC-stacked trilayer graphene.!!’]
Using high-magnetic fields, Kumar et al.!''l observed com-
pelling evidence of the integer quantum Hall effect in trilayer
graphene. When interlayer displacement is zero, fractional
quantum Hall states at filling factors 2/3 and —11/3 were
observed in BN-encapsulated trilayer graphene.['?! Barlas!'3]
predicted the fractional parity Hall states in trilayer graphene
with mirror symmetry. When the degeneracy of the bands is
lifted by Coulomb interactions, topological bands in trilayer
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graphene can lead to anomalous quantum Hall phases.['4]

On the other hand, achievements in laser technology and
microwave techniques have made possible manipulation of
quantum systems with a high-frequency electromagnetic field
to explore Hall effect, which is based on the Floquet theory of
periodically driven quantum systems. Particularly, electronic
and transport properties of graphene are currently in the fo-
cus of attention in condensed matter physics.!'>-2!] However,
quantum Hall phases in trilayer graphene exposed to a circu-
larly polarized light have not been extensively and deeply stud-
ied so far. Trilayer graphene has two natural stable allotropes:
(1) ABA (Bernal stacking), where the atoms of the topmost
layer lie exactly on top of those of the bottom layer; (2) ABC
(rhombohedral stacking), where one sublattice of the top layer
lies above the center of the hexagons in the bottom layer.[?%23]
In this paper, we use the Floquet theory to analyze the effect
of circularly polarized light on topological properties of ABA
trilayer graphene in a high-frequency limit.

The paper is organized as follows.
present a brief account of ABA-stacked trilayer graphene ir-

In Section 2, we

radiated by a circularly polarized light by the Floquet theory.
The band structure of the irradiated trilayer graphene are stud-
ied. In Section 3, the Hall conductivities in the irradiated tri-
layer graphene and corresponding Chern numbers are studied.
Conclusions are given in Section 4.

2. Model, method, and band structure

The effective low-energy Hamiltonian of ABA trilayer

graphene can be written as!!3-24]
N Ay, 0
H= sig , 1
( 0 Hb1g> M
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where we only consider the nearest intra-layer hopping an
nearest inter-layer. The Hamiltonian in monolayer-like and
bilayer-like blocks are defined as

Hgy = hv(k.6x+ Tky6,) + ms6;, 2)
2 v 2 12\aA N N
Hylg = — [(kx - ky)px + ZTkxkypy} +mppz,  (3)

\/571

where v is the Fermi velocity, k., are the components of the
momentum measured relative to the K/ K’ point, and T = £1
label valley degrees of freedom (K/K’). In the monolayer-
like block, the Pauli matrices Oy, are denoted on the basis
(A_,B_),withA_ = (A —A3)/v2and B_ = (B; — B3)/V/2.
A; and B; are the inequivalent atomic sites of the ith graphene
layer. In bilayer-like blocks, the Pauli matrices py.y . are de-
noted on the basis (A ,B;) with A_ = (A; +A3)/v/2; 11 de-
scribes hopping matrix element due to the direct nearest inter-
layer hopping, m, are effective sublattice potentials. Com-
pared to Ref. [24], we do not include the mass gap, which can
be controlled by an external perpendicular electric field.!?]

Considering the trilayer graphene irradiated by circularly
polarized light, the vector potential introduced into the Hamil-
tonian by substitution k — k+eA(z) is

A(r) = A(xsin (or), cos (1)), @)

where @ is the frequency of light, ¥ = 31 denote right circu-
larity and left circularity, respectively. A is the amplitude of
the vector potential. Based on the Floquet theory,!>22%] the
photon dressed effective Hamiltonian at weak light intensity

can be written as

. ~  [A_1,H] [H 2, H)
A — 4 Mo ’ 5
+ ho 2w )
with
Ay = / H(t)eF?dr, (6)
A, = Elflt Ao g 7
42 271. A ()e @)

where H (t) is the time-dependent Hamiltonian using the sub-
stitution k — k + eA(t) in Eq. (1) . Straightforward calcula-
tions shown the Floquet Hamiltonian as

F
ﬂF<H>‘g y ) 8)

where
AL, = hw (k6 + Tk 6,) + [mﬁrm"ﬂ 5., )
A, =— v [(k2 k) P2 Thky Py |+ {mb-l-TKAw ]pm(lO)
with
AL = % (ii:‘)z (1)
Abls — :;V;} (e;)z 4k2+% (e;)z (12)

Diagonalizing straightforwardly the Hamiltonian (8), we
obtain

ESIg = \/h2v2k2 + {ms + ‘L'KASIg} ,

R4
\/k4+ mb+7:KAblg} )

13)

EYS = (14)

Based on Eqs. (13) and (14), we plot the band struc-
tures of trilayer graphene in units of /v = 688 meV for
7k = —1 in Fig. 1. Figure 1(a) shows that the dispersion
of trilayer graphene is a combination of the linear dispersion
of monolayer graphene and the quadratic relation of bilayer
graphene.!*!. The on-site sublattice potential can induce the
energy gap in trilayer graphene (see Fig. 1(b) for m; = 3 meV,
my, = 8 meV and y; = 310 meV). When considering the circu-
larly polarized light irradiating onto the ABA trilayer graphene
sheet, the band structure evolution with light intensity eA /i of
0.186, 0.392, and 0.45 at Tx = —1 are shown in Figs. 1(c)—
1(e), respectively. Based on Egs. (8)—(12), [H_1,H,] and
[H_»,H;] denote the virtual photon absorption and emission
process.!25! They lead to the term TKAL$6, and TKALSP,.
Thus the light leads to the closing and reopening of energy
gap for the fixed sublattice potential, and process of a band
gap closing and reopening happen twice. Both the processes
are due to the emission and absorption of a single photon and
two virtual photons, respectively. Figure 2 shows the energy
gap as a function of light intensity eA /. When Tk = —1, the
light can lead to the closing and reopening of the energy gap,

F . . . _
0 Hblg while the light only amplifies the energy gap for 7k = 1.

0.14 0.1 0.1] 0.1 0.1

0.05 0.05 \/ 0.05 0.05 \/ 0.05 \/
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—0.1 — — —0.1 —

-02 0 02 R R (X B oz 0 o0z o oz
k k k k k

Fig. 1. Band structure of ABA trilayer graphene (a) with and (b) without sublattice potential in units of /v. Band structure evolution of ABA
trilayer graphene under the irradiation of polarized light with a light intensity eA /7 of (c) 0.186, (d) 0.392, and (e) 0.45 at Tk = —1.
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Fig. 2. Energy gap as a function of light intensity eA /7. The dashed blue
line and the solid red line correspond to Tk = 1 and Tk = —1, respectively.

3. Hall conductivities and Chern numbers

In this section, we investigate anomalous Hall conductiv-
ities and Chern numbers in irradiated ABA trilayer graphene.
According to the linear response theory, the intrinsic Hall con-
ductance in zero temperature for valley 1 and circularity k
is given by the integral of the Berry curvature over occupied
states?]

T,K __ e? ¢’k T,K
O = Ezn"./gz (2m)2 20 (15)

where €2, is the momentum-space Berry curvature for the nth
band,

Q’;E,K(k) = Z

n'#n

The summation is taken over all the occupied bands blow the
bulk gap, @, = E,/h, and vy(,) = AT/ dky(y) is the velocity
operator. E, and u,j are the eigenvalue and eigenfunction of
Eq. (8), respectively. In Eq. (8), the monolayer-like block and

20m (Ui | Ve[ 1) (Wt 1 |Vy |ttnk)

(0 — @) (1o

QfF = Y FONCE (18)
[7§k4+(mb+rmwg)2}
1

Figure 3 shows the calculated conductivity oy, = ol !

for the two valleys K and K’ as a function of Fermi energy EF
under the irradiation of left-handed circularly polarized light
(k = —1) with light intensities (a) eA/h = 0.1, (b) eA/h = 0.2,
and (c) eA/l = 0.5. When Fermi energy locates in the energy
gap, the anomalous Hall conductivity for valley K (n = 1) is
quantized and unchanged with the increasing light intensity.
However, the gap region becomes greater with increasing light
intensity. For valley K’ (1 = —1), the quantized anomalous
Hall conductivities are 2¢? /h, 0, —2¢*/h with light intensities
eA/h=0.1,eA/h=0.2, and eA/l = 0.5, respectively. Based
on Egs. (17) and (18), we can find that the changed anomalous
Hall conductivities are due to the energy gap changing with
the light intensity at different parameters 7 and k. This means
that there are topological transitions between anomalous Hall
states and Valley Hall states. We analyze Chern numbers in
the following paragraphs to confirm the results.

When the fermi energy is in the band gap, the direct cor-
respondence between the Chern number and the Hall conduc-
tance is characterized by 6y, = C e?/h,?") and the Chern num-
ber for fixed k is calculated by

1
C=— QK. 19
27["): | dkQ; (19)

Straightforward calculation shows that the Chern numbers in
the two blocks are

bilayer-like block are decoupled. Therefore, we can calculate - V2 reAN?
: . Cge = sgn {ms—kﬂc— (—) }, 20)
the berry curvature in the two blocks, respectively. Based on & ho\ h
Eq. (16), we obtain the berry curvatures for the valence band - B eAN4
- CE = sgn{mh—&-ﬂci (—) } @1
in the two blocks as follows: & 2ha)y]2 h
1 122 (mg + TKAS
Q:l"g'c =3 (ms o) 73 (17)  where sgn represents the sign function. For fixed k, the Chen
slg .
22k + (mg+ TKAy® )2} number and valley Chern number corresponding to anomalous
o ——
1
r=—1
B} —_—Tr=—1
® -—-7=1
—1
—2 U
—0.02 0 0.02
EF
Fig. 3. Anomalous Hall conductivities as a function of Fermi energy Er under the irradiation of left-handed circularly polarized light kK = —1

in units of €2 /h with light intensities: (a) eA/f = 0.1, (b) eA/h = 0.2, and (c) eA/f = 0.5. Blue-dashed lines and red-solid lines denote Hall

conductivities in K and K, respectively.
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Hall and valley Hall states are
Can = ) CH+Cifs, (22)
T

Cvn = Y 7(Clg + G- (23)
T

In Fig. 4, we plot Capg and Cyy versus light intensity A
for k = —1. This is consistent with the results shown in Fig. 2.
Before the first band gap closing and reopening, the Chern
numbers of the two valley sectors in two blocks take the same
value 1. As a whole, the system shows a quantized anoma-
lous Hall state (Cag = 4 and Cyyg = 0). With increasing A,
the band gap closing and reopening occur in monolayer-like
block, and the corresponding Chern numbers of the two val-
ley sectors take the values 1 and —1, respectively. The Chern
numbers in the bilayer-like block keep unchanged. Therefore,
the system shows coexistence of a quantized anomalous Hall
state and a valley Hall state (Cayg = 2 and Cyyg = 2). After
the band gap closing and reopening in the bilayer-like block,
the Chern numbers of the two valley sectors in the two blocks
take the values of 1 and —1, respectively. The system shows
a quantized valley Hall state (Cag = 0 and Cyyg = 4). Con-
sequently, the sign of the Chern number is changed only in
one valley but remains the same in the other valley in the two
blocks. Hence, we can realize an anomalous Hall state to the
valley Hall state topological phase transition.

ab_ L _______
I
:
3f ! ]
|
! Cin
O 2F 1
! Oy
I
|
1t I ]
|
:
ok --_-__ |
0 0.2 0.4 0.6 0.8 1
A
Fig. 4. Chern number as a function of A for k¥ = —1. The solid red line and

the dashed blue line denote the Chen number and the valley Chern number
corresponding to anomalous Hall and valley Hall states, respectively.

4. Conclusion and summary

To conclude, we have analyzed Hall conductivities and
Chern numbers of ABA trilayer graphene under the applica-
tion of a circularly polarized light. We have employed the
Floquet theory to obtain the effective Hamiltonian with a cir-
cularly polarized light in high-frequency regime. We find a

process of band gap closing and reopening due to irradiation
of light, and it happens twice. The study on the corresponding
Chern numbers confirms the light-induced topological phase
transition between anomalous Hall state and valley Hall state.
The interplay between effective sublattice potential and light-
induced circularity-dependent effective potential is responsi-
ble for the topological phase transition.
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