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Enhanced valley polarization of graphene on /-BN under circularly polarized light irradiation
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Graphene on /-BN (G/hBN) has a long period moiré superstructure owing to the lattice mismatch between
two materials. The long periodic potential caused by the moiré superstructure induces modulation of the
electronic properties of the system. In this paper, we numerically calculate the optical conductivity of G/hBN
under circularly polarized light irradiation. The lack of spatial inversion symmetry in G/hBN induces valley
polarization. Furthermore, valley polarization becomes most pronounced in the infrared and terahertz regions if
the twist angle between two materials is close to zero for the nondoping case, however, it is insensitive to the
twist angle for the hole-doped case. These results will serve to design valleytronics devices using G/hBN.
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I. INTRODUCTION

Two-dimensional (2D) atomically thin materials are at-
tracting much attention owing to their high flexibility in
controlling the electronic and optical properties to design new
functional devices [1-4]. Graphene, a one atomic thickness
carbon sheet, is one of the fundamental 2D materials [5].
Graphene has a honeycomb lattice structure, and its elec-
tronic states near the Fermi energy are well described by
a massless Dirac equation [6,7]. When two graphene ma-
terials are overlaid with a slight twisting angle, a moiré
superstructure appears and works as a long periodic elec-
tronic potential for the Dirac electrons of graphene [8-15],
i.e., so-called twisted bilayer graphene (TBG). The period
of the moiré superstructure becomes larger when decreasing
the twist angle. TBG provides attractive properties such as
a vanishing Fermi velocity [11], a flat band at the magic
angle [16-18], and superconductivity [19-21]. In addition
to TBG, a moiré superstructure also appears when differ-
ent materials are overlaid. Graphene on #-BN (G/hBN), i.e.,
graphene overlaid on hexagonal boron nitride (hBN), has a
moiré superstructure owing to the mismatch of lattice con-
stants between the two materials [22-24]. Experiments of
G/hBN have revealed many intriguing phenomena such as the
Hofstadter butterfly [25,26] and the fractional quantum Hall
effect [24,27,28].

Meanwhile, 2D materials with a honeycomb lattice struc-
ture such as graphene and hBN have local minima in the
conduction band and local maxima in the valence band in
the momentum space, which is referred to as a valley. Re-
cently, much effort has been devoted to manipulating the
valley degree of freedom to encode and process information,
i.e., valleytronics, which is the valley analog of spintron-
ics [3,29-35]. The irradiation of circularly polarized light onto
2D materials is one of the typical ways to generate valley
polarized states [30,36—40]. Since broken spatial inversion
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symmetry is needed to induce valley polarization, valley po-
larized states cannot be realized in monolayer graphene which
respects spatial inversion symmetry. However, a moiré super-
lattice potential of G/hBN owing to a lattice mismatch has
trigonal symmetry, i.e., no inversion symmetry, resulting in
valley polarization. Several groups have recently investigated
the electronic properties of G/hBN [41-43], and its optical
absorption properties [44—47]. However, the optical properties
under circularly polarized light in G/hBN have yet to be
investigated. In this paper, we numerically calculate optical
conductivity under circularly polarized light irradiation in a
G/hBN heterostructure. It is shown that valley polarization
is induced in G/hBN owing to the lack of spatial inversion
symmetry. Furthermore, the valley polarization becomes most
pronounced when the twist angle between graphene and hBN
is close to zero for the nondoping case. However, for the
hole-doped case, the valley polarization is insensitive to the
twist angle.

II. EFFECTIVE MODEL OF GRAPHENE ON h-BN

Figure 1(a) shows the crystal structure of G/hBN with a
twist angle & = 0°, where a moiré superstructure is clearly
seen owing to a lattice mismatch. L}! and L)' are moiré primi-
tive vectors and the area surrounded by the rhombus indicates
amoiré unit cell. The lattice constant of graphene is a = 0.246
nm. Though hBN has the same honeycomb lattice structure,
the lattice constant of hBN is augn = 0.2504 nm [42,48],
which is slightly larger than graphene. The ratio of the lattice
constant between graphene and hBN is o = aygn/a ~ 1.018.
When we define a; = a(1, 0) and a, = a(1/2, +/3/2) as the
primitive vectors of graphene, the primitive vectors of the
hBN layer of G/hBN are defined as @ = aR(0)a; (i = 1, 2),
where R(0) is the rotation matrix by angle 6. We define the

reciprocal vectors G;, G; for graphene and hBN, respectively.
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FIG. 1. (a) Crystal structure of G/hBN in real space for twist angle & = 0°. Here, apgn/a = 16/15 is used to draw the figure for simplicity.
(b) Schematic of reciprocal space. Here, angn/a = 5/4 is used to draw the figure for simplicity. The bold black hexagon with a thick line and
the gray dashed hexagon show the first BZ for graphene and hBN, respectively. Small hexagons are the moiré BZ. The inset is a zoom of the

moiré BZ.

These vectors should satisfy the relation a; - G; =a; - G; =
278 ij-

The reciprocal vectors for a moiré period of G/hBN can be
defined as

G =[1- o 'RO)IG;. (1

where 1 is the unit matrix. Note that the period of the moiré
superstructure also depends on the twist angle. The corre-
sponding moiré primitive vectors satisfy the relation

LY -G =2xs;;. 2)

A long periodic potential appears due to the moiré superstruc-
ture and affects the electronic states of G/hBN. Figure 1(b)
shows the schematic of reciprocal space for G/hBN. The bold
black hexagon with a thick line and the gray dashed hexagon
show the first Brillouin zone (BZ) for graphene and hBN,
respectively. The small hexagons are the moiré BZ spanned
by G}! and G)'. The inset is the zoom of the moiré BZ, where
the I" point means the original K (K’) point of graphene. In the
continuum model, K and K’ valleys are treated independently,
and the energy bands can be separately plotted in the BZ
centered at K (magenta hexagon) and that centered at K’ (cyan
hexagon).

The electronic states near the Fermi energy of G/hBN are
governed by the electronic states of graphene near the K and
K’ points. In this paper, we employ an effective continuum
model to calculate the eigenenergies and eigenfunctions of
G/hBN [42]. The K points of graphene are located at Ky =
—£(2G1 + G)/3, where § = 1 for K and K', respectively.
The Dirac Hamiltonian of monolayer graphene near K¢ can be
written as

Hg = —hivk - o, 3)

where k = (k,, k;) is the wave number measured from the
K: point, and o¢ = (§0,, 0,) with Pauli matrices o, and o,.
Here, Hg is a 2 x 2 matrix for the basis {Ag, B}, i.e., the
sublattice degree of freedom of graphene. The parameter v
is the group velocity of the Dirac cone, which is given as

v = 0.80 x 10° m/s [42]. By eliminating the basis for hBN
using second-order perturbation theory, the effective 2 x 2
Hamiltonian of G/hBN is written as

Hgmen = Hg + Vien, 4)

where Vigy is the long periodic moiré potential including the
effect of hBN. Vg is given as

1 0 : 1 0%\ o,
VieN = v0<0 1) + {V1e’§¢[<1 2_5)6,&6?”
1 &\ eovr
o o)
+ ( L 1_g>e"505“"} +H.c.},
w > w

where GY = —(GM +GY), v=0.80x 10° m/s, Vo=
0.0289 eV, V; = 0.0210 eV, and ¢ = —0.29 (rad) [42]. Ow-
ing to Vipn, a state at k is related to the other states at
k + anliA, k + nngd, and k + n3G§A, where nq, np, n3 are
integers. In the numerical calculation for optical conductivity,
we have taken up to second nearest reciprocal lattices, i.e.,
19 independent reciprocal lattice vectors, which is enough
to discuss the low-energy properties of the G/hBN sys-
tem. Thus, the matrix size for the numerical calculations
is 38 x 38.

Figure 2 shows the energy band structure of G/hBN
obtained by using the continuum model. When the twist
angle gets smaller, the electronic states of G/hBN are mod-
ulated by a long periodic moiré potential. At the Brillouin
zone boundary, energy band gaps appear in valence bands
caused by Bragg scattering where Bloch waves are mixed
by the moiré periodic potential. Owing to the moiré peri-
odic potential, the energy band gap opens about 20 meV
at the hole band side. The position of the energy band gap
goes down with increasing the twist angle. Also, it is noted
that a tiny energy band gap with 2 meV is also opened
atE =0.
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FIG. 2. Energy band structure of G/hBN. Magenta (cyan) bands show the energy bands for the K (K’) valley and the black dashed lines

are the energy bands of monolayer graphene.

III. OPTICAL PROPERTIES OF GRAPHENE ON h-BN

We use the Kubo formula to calculate the optical conduc-
tivity of G/hBN. According to the linear response theory [49],
optical conductivity under light irradiation which has a
frequency w is given by

8s8ve” S(Exi) — f(Ekj)
(e B By v

ij

y le - (V| VieH |¥ki) |*

, 5
Ekj—Eki—hw—iﬂ ()

where g, (g,) is the spin (valley) degree of freedom, i, j are
band indices, k is the wave number, Ey; is the eigenenergy for
band index i, ¥, is the eigenfunction for band index i, S is the
area of the system, and f(E) is the Fermi-Dirac distribution
function. 1 is an infinitesimally small real number. The vector
e is the polarization vector of incident light. Under left-handed
circularly polarized light (LCP) irradiation, we use

1
eLcp = %(17 i), (6)

and under right-handed circularly polarized light (RCP) irra-
diation, we use

1
ercp = E(l’ —i). @)

The matrix element of the interband
(Y j| ViH |Y;) is related to the dipole vector D(k),

transition

D) = (Y| Vi [s) ®)
= %wk,wpwfki) ©)
= i% (V| ViH Vi) (10)

where Y, is a state of the valence band and y; is a state
of the conduction band, respectively. Here, p = —i/iV, is the
momentum operator and m is the mass of the electron. The
dipole vector D(k) is a vector quantity which is composed
of complex values. When the real and imaginary parts of the
dipole vector are mutually orthogonal, the circular dichroism
under circularly polarized light irradiation occurs [50-52]. For
monolayer graphene, the behavior of the dynamical conduc-
tivity for a massless Dirac electron becomes a constant value
at the universal conductivity [53,54],

858w €
16 &

In the following, we scale the optical conductivity of G/hBN
by using omeno as

)

Omono =

Omono iSM 4 kj — Eg;

o) _ 16 f(Ewi) — f(Exj)

y le - (Vijl VieH |Yi:) |I*
Ekj—Ek,'—hw—in ’

12)

where SM is the area of the moiré periodic unit cell of G/hBN.

Let us consider the optical conductivity of nondoped
G/hBN under circularly polarized light irradiation for a twist
angle 6 = 0°, where the Fermi energy Er is O eV. Figure 3(a)
shows the optical conductivity of nondoped G/hBN for a
Hamiltonian with £ = +41. The conductivity depends on the
direction of rotation of circularly polarized light, especially in
the infrared and terahertz regions. In particular, for a photon
energy less than 0.1 eV, the difference between LCP and RCP
becomes larger. In this energy region, the interband transition
from valence to conduction bands dominates. Figure 3(b)
shows the distribution of dipole vectors for the nondoped case,
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FIG. 3. (a) Optical conductivity of G/hBN for £ = 1 and Er = 0.0 eV under circularly polarized light, where the twist angle 6 is 0°. The
magenta (cyan) curve is the conductivity for LCP (RCP). (b) Distribution of dipole vectors for an interband transition near the Fermi energy
Er = 0.0 eV in momentum space. The magenta (cyan) arrows are the real (imaginary) parts of the dipole vectors. The black hexagon is the
moiré BZ and the magenta (cyan) dots at the hexagon corners are the K (K’) points. (c) Optical conductivity of G/hBN for Eg = —0.13 eV,
where the twist angle 6 is 0°. (d) Distribution of dipole vectors for an interband transition near the Fermi energy Er = —0.13 eV in momentum

space.

i.e., Ep = 0.0 eV. It is clearly seen that the real and imaginary
parts of the dipole vectors are orthogonal at the T' point.
Thus, the circular dichroism is induced by the irradiation of
circularly polarized light, and is responsible for the electron
near the T' point. For the plot of the dipole-dipole vectors
of Eq. (10), we have used the states of the highest valence
subband as y; below Eg = 0.0 eV, and the states of the lowest
conduction subband as v ; above Er = 0.0.

Next, we shall consider the optical conductivity of hole-
doped G/hBN. Figure 3(c) shows the optical conductivity
with the Fermi energy Er = —0.13 eV, i.e., hole doping.
In the region of w < 0.1 eV, the difference in the optical
conductivities between LCP and RCP becomes much larger
than the nondoping case. As shown in Fig. 3(d), the real and
imaginary parts of the dipole vectors are mutually orthogonal
at the K and K’ points, which are responsible for the circular
dichroism. The results for a Hamiltonian with & = —1 are
obtained by converting LCP (RCP) to RCP (LCP), because the
K’ states of graphene have opposite chirality to the K states.
Here, for the plot of the dipole-dipole vectors of Eq. (10), we
have used the states of the highest occupied subband as ;
below Er = —0.13 eV, and the states of the lowest unoccupied
subband as v ; above Eg = —0.13 eV.

Since the optical conductivity depends on the direction of
rotation of circularly polarized light, valley-selective electron
excitation is possible in G/hBN. Here, we define the valley
polarization for each valley as the difference in the conductiv-
ity between LCP and RCP,

-1 < Pw) <1, (13)
where o, and ogr are the optical conductivities under LCP
and RCP, respectively. The positive (negative) value of P(w)
means that the electron at the valley is easy to excite by
LCP (RCP). Figures 4(a) and 4(b) show the photon energy
dependence of valley polarization for the nondoping case and
hole-doped case, respectively. In these figures, the value of
P(w) is shifted by +1 per 1° of twist angle. The black, ma-
genta, and cyan curves indicate the case of twist angle 0 =
0°, 1°, 2°. For the nondoping case, a valley polarization value
of less than 0.1 eV has a maximum value for 6 = 0° and it is
decreasing with an increase of the twist angle. These results
indicate that the electronic properties of G/hBN approach the
electronic states of monolayer graphene with an increase of
the twist angle. On the other hand, a valley polarization peak
of less than 0.1 eV for the hole-doped case remains even
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FIG. 4. (a) Photon energy dependence of valley polarization (Er = O for several different twist angles, eV). The black dashed lines indicate
the P(w) = 0 line. (b) Photon energy dependence of valley polarization for the hole-doped case, where the Fermi energy is set in the band gap
of the valence band at the K point. Fermi energies are set as Er = —0.13 eV for § = 0°, Eg = —0.20 eV for § = 1°, and Er = —0.33 eV for

6 =2°.

though the twist angle becomes larger. The common peak of
valley polarization comes from an interband transition across
the Fermi energy Ef at the K point.

IV. SUMMARY

In this paper, we have numerically calculated the opti-
cal conductivity of G/hBN under circularly polarized light
irradiation. The optical conductivity of G/hBN changes its
behavior depending on the direction of rotation of circularly
polarized light due to the broken spatial inversion symme-
try of the system. By analyzing the dipole vectors, we have
confirmed that the real and imaginary parts of the dipole
vectors are mutually orthogonal. Thus, we can explain that
the electron for each valley can be selectively excited by
using a certain direction of circularly polarized light irradi-
ation. These results indicate that G/hBN can cause valley

polarization by circularly polarized light irradiation. Also, we
confirmed that the value of valley polarization of G/hBN
depends not only on the twist angle but also on the Fermi
energy. For the nondoping case, the peak of valley polar-
ization for a photon energy of less than 0.1 eV vanishes
with increasing twist angle. On the other hand, for the hole-
doped case, it remains even though the twist angle becomes
larger. These results will serve to design valleytronics devices
using G/hBN.
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