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Detection of the chirality of twisted bilayer graphene by the optical absorption
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Twisted bilayer graphene possesses intrinsic chirality, which has received less attention among the extensive
research conducted on twistronics. In this paper, the optical absorption theory beyond the common linear
perturbation is developed with more sophisticated light-electron interactions considered. Numerical calculations
based on the theory found that reducing the twisted angle produces a redshift of absorption in the high-frequency
range, while increasing absorption strength in the low-frequency domain, which can be further significantly
enhanced when applying an interlayer bias. More importantly, the absorption spectroscopy is shown to be an

effective way to detect both the chirality and the anisotropy of the twisted bilayer structure.

DOLI: 10.1103/PhysRevB.109.125419

I. INTRODUCTION

Recently, there has been increasing research interest in
few-layer two-dimensional materials, particularly those with a
twisted angle between them [1-7]. Such twisted metasurfaces
can give rise to a moiré pattern, introducing another spatial pe-
riod for electrons. The twisted angle, as a new degree of free-
dom, allows for flexible manipulation of electronic properties
without altering the material, because the electrons behave
with a strong dependence on the stacking arrangement. For
example, a transition from a Fermi liquid to a strongly corre-
lated system has been observed in magic angle twisted bilayer
graphene (TBG) [8], which exhibits unique properties includ-
ing superconductivity [9], interaction-driven insulators [10],
orbital magnets [11], etc. Moreover, twisted bilayer graphene
and its derived systems provide ideal platforms for exploring
arbitrary and fractional Chern numbers due to its tunable band
structure and geometry [12-15]. A low-energy continuum
model Hamiltonian is constructed by assuming that the small
Brillouin zone in a small twisted angle (<10°) TBG system
can be filled with wave vectors near the Dirac point of the
two graphene layers. Bistritzer and MacDonald’s work [16]
accurately predicts the presence of a flat-band structure at the
magic twisted angle (1.05°), which serves as a fundamental
approach for investigating strongly correlated TBG systems
at small twisted angles. Subsequently, twistronics, a technique
that involves manipulating the relative twisted angle between
successive layers in a two-dimensional material to control its
electronic properties, has garnered significant attention.

In this kind of system, a helical structure is formed due to
the twisting. In other words, the twisting of the upper layer
in both clockwise and counterclockwise directions relative
to the bottom layer imparts chirality to the bilayer material.
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Chirality holds significant importance and potential applica-
tions, particularly in biochemistry [17], the chiral sensing
[18,19], and chiral catalysis [20,21], among others. The op-
tical method is supposed to be an effective way to study
the chirality and has been realized in experiment [22]. Since
then, many theoretical methods have been developed to under-
stand the optical response in theory. However, the traditional
method, dynamical conductivity [23-27], does not adequately
consider the response to light polarization (including linear
and circular polarization). Additionally, the continuum model
[16] is accurate only for small-angle twisted situations and is
not applicable to TBG systems with a large twisted angle. The
ellipticity in optical absorption in such a system was studied
by some researchers mainly through the photoconductivity
formula [28-32]. These works manifest the effect of chirality
in each way as taking into account the propagation of light
in the perpendicular direction, but their models are based on
various approximations or simplifications on the interlayer
interaction or in-plane response. A microscopic theory consid-
ering the electrons’ all possible hoppings in a detailed lattice
is still absent. Moreover, the ellipticity can only be ascer-
tained when at least second-order light-matter interactions are
included, on which level the contribution from the magnetic
component of light cannot be neglected.

In this paper, we investigate the optical absorption prop-
erties of TBG and manage to detect its chirality through
the optical method based on a microscopic model. We de-
velop a more advanced theory of optical absorption that goes
beyond linear light-induced perturbation. This theory con-
siders the higher-order light-TBG interactions and provides
a comprehensive understanding of the system’s response to
optical polarization, including both linear and circular cases.
To validate the theory, we perform numerical calculations,
which demonstrate the effectiveness of the optical method
in identifying the chirality of TBG as well as anisotropy.
More interestingly, we also confirm the significantly increased
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FIG. 1. Diagram of TBG. (a) The schematics of optical absorp-
tion for either the right and the left circularly polarized light passing
through the chiral TBG. (b) The moiré pattern of the TBG lattice.
(c) The first Brillouin zone of TBG, where a;, a, are the basis vectors
in real space, and b; and b, are the reciprocal lattice vectors. I', K,
and M are high-symmetry points.

absorption in the low-frequency domain either by changing
the twisting angle or by an interlayer bias. The theory is also
applicable to other twisted bilayer structures.

The paper is organized as follows. In Sec. II, the detailed
absorption theory dealing with TBG is presented. We dis-
cuss the lattice model and its energy band structure, taking
the spin-orbit coupling (SOC) into account. Also, the ab-
sorption formula beyond the common linear absorption with
more sophisticated light-electron interactions is considered.
Section III is about the numerical results and discussions,
including the absorption spectra for both linear and circular
polarizations, and the dependence on the twisted angle and
the interlayer bias. A conclusion is drawn in Sec. IV.

II. METHODS

The TBG is a two-layer structure, with the upper layer
rotated at an angle 6 (—m /6 < 6 < 7 /6) in an anticlockwise
direction (right-handed helical structure), using one of the
aligned carbon atoms as the center point. The resulting moiré
pattern also possesses a hexagonal lattice, but with a larger
unit cell. When 6 is positive or negative, a different chirality
is introduced. For a circularly polarized light incident from the
upper layer to the lower layer, the chiral structure exhibits dif-
ferent responses to left and right circularly polarized light, as
illustrated in Fig. 1(a). To reveal the effect of chirality, a more
sophisticated theory beyond traditional absorption theory is
required.

Under the perturbation of the electromagnetic field, the
Hamiltonian of the irradiated system reads

H=H+H, (D

N f)2

Hy = [—2 + V() + Hsoc], )
m

T

A =[i(p.A+A
2m

S

p)—ep+ 8- } 3)

where —e, m, S are the charge, the mass, and the spin of an
electron, respectively. ¢ is the electric potential of the elec-
tron. A and B denote the magnetic potential and the magnetic
flux density of the accompanied electromagnetic field of the
incident light, respectively. The electric field intensity E can
also be obtained from them. Hsgc is the spin-orbit coupling
term that has garnered significant attention and research due to
its ability to eliminate the spin degeneracy of electronic bands
and induce a gap opening in few-layer graphene and other
two-dimensional (2D) materials [33-37]. Furthermore, the
magnetic component of light mainly interacts with the spin
magnetic moment. Thus, considering spin is a reasonable
approach. The perpendicular incidence of light breaks the
inversion symmetry of the system, resulting in the presence
of extrinsic spin-orbit coupling, known as the Rashba term.

A. Band structure

The Hamiltonian of Hy in Eq. (3) can be expressed as

ﬁo = Z [(dkn)CZCn =+ H.c. + Z Emcjncm + ﬁSOCv (4)
k,n m

where ¢ (¢) is the annihilation (creation) operator and €,
represents the on-site energy at site m. The first term in the
Hamiltonian is the kinetic energy, the second term is the
potential energy, and the third term represents the spin-orbit
coupling.

The hopping parameter ¢ is determined by the relative
position vector from the initial atom site n to the final atom
site k, di, = d; — d,,. Considering both the interlayer and in-
tralayer contributions, the hopping intensity of an electrons is
[23,38-41]

di, - e, 2 dy, - e, 2
t(dkn) - pprr |:1 _< dkn Z) :|+Vpp(7 (;—kn )

din —
Vi = VO exp ( k_“CC>
o

din — d
oy EXP <—%) ®)

Vope = V9

where acc is the length of the carbon-carbon bond in
graphene, and §y = 0.045 nm represents the decay length.
The spacing between the graphene layers dy is 0.335 nm.
Here, V) = —2.7eV, V) =0.48 eV are the interlayer and
intralayer nearest-neighbor hopping intensities, respectively.
In the paper, we only consider the commensurate case, i.e.,
a strict supercell formed when certain new pairs of carbon
atoms are aligned. In this case the twisted angle (commen-

surate angles) takes a series of discrete values 6 satisfying

V3(a— b)} ©

0 = 2arct
arc an|: 3@+ b)

where a and b are prime and a > b. This is determined by the
geometrical characteristics of the bilayer honeycomb lattice.
For an example, the lattice diagram in the case of a = 5,b = 4
is shown in Fig. 1(b) where the twisted angle is 7.34°.

In order to demonstrate the chirality of the TBG irradiated
by a perpendicularly incident light, it makes sense to consider
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FIG. 2. The energy bands of the TBG system in a series of twisted angles. (a) 21.8°. (b) 13.17°. (c) 9.43°. (d) 7.34°.

the intrinsic spin-orbit coupling, the Rashba term, and the
interlayer Rashba term [33-35,42]. The spin-orbit coupling
term can be expressed as

A . . : 1.4
Hsoc = itiso Z Vjjc; 0,C; + Ut ZC?(O’ X dij) - €;¢;
(i) (i, J)

—ity Y ¢l (0 x &)-&cia+He, 7
i

where #so = 0.0016V19pﬂ ~4.32meV, tg= 0'004‘/1?1771 A

10.8 meV, ty = 0.001V[9[m ~2.7meV are the coupling
coefficients of the intrinsic spin-orbit coupling, the intralayer
Rashba coupling, and the interlayer Rashba coupling,
respectively [43-46]. o is the Pauli matrix. The intrinsic
spin-orbit coupling represents the next-nearest-neighbor
(NNN) hopping. When NNN hopping is anticlockwise, v;;
is +1, and when the NNN hopping is clockwise, v;; is —1.
The Rashba coupling is the nearest-neighbor hopping. d; ;18
the unit vector connecting the two nearest-neighbor sites i
and j. & is the unit vector of the in-plane component of the
electric field, which causes the interlayer Rashba coupling.
Its direction has no effect on the results so it can be taken as
(1,0,0).

The energy band structure of TBG in this situation can
be obtained, as shown in Fig. 2, where the commensurate
angle takes four values: 21.8°, 13.17°, 9.43°, and 7.34°. It
can be seen that decreasing the twisted angles narrows the
conduction-valence spacing and also flattens the energy bands
over a large range of k. In the absence of spin-orbit coupling,
there would be a Dirac cone at the K point. However, when
SOC is introduced, there appears to be a band gap at the K
point, with its value determined by the strength of SOC.

B. Optical absorption
The incident light propagating in the z direction reads

E = EyeXe e, (8)

Ey . .
B — ?OelkzeuuteB’ (9)

where k is the wave number and w is the angular frequency.
Ey is the amplitude of the electric field. The sign + of the
exponent part of the spatial phase term e¢/** means that the
direction of light propagation is negative towards the z axis.
eg and ep are unit vectors in the direction of the electric field
and magnetic induction intensity, satisfying the relationship
eg = €, x eg. Choosing the gauge to let ¢ = 0, and so

Ey . .
A=——ckerep. (10)
iw
Then applying the condition that p and A is commutative, the
perturbation Hamiltonian can be expanded according to the
order of z as

A =H +H,

Ey N Ey .
— _Z(_._Oetkz> (f) . eE) _ zs . eB<_OelkZ)
m w m C

E E w A
= pep) + ."—O[ikz@ e+ 2(S- e3>]
mmaw maw ic
+ (11)

where H;| (2 means the first- (second-) order perturbation
Hamiltonian and - - - represents high-order terms. Note that
the term ¢/’ has been dropped off temporally.

Due to the short interlayer distance of TBG, high-order
terms in the above equation can be neglected, and the limit
7z — 0 can be applied to the calculation. In other words,
only the first-order term (the electric dipole) and the second-
order term (including the magnetic dipole and the electric
quadrupole) are considered.

It can be verified that the first-order perturbation is insensi-
tive to the polarization of circularly polarized light. Therefore,
in order to observe the polarization dependence of circularly
polarized light, the second-order perturbation is necessary.

The eigenstate |¢,) would be affected by the perturbation
from the incident light, and its component in the k state is

1 ! :
c(t) = — / Hlén(‘r)e_lwknrd‘[, (12)
ih 0
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where H,,(t) = ($x|H'()|¢n), wen = 5 (Ex — E,). The transi-
tion probability between eigenstates n and k is then
2

d| [ .
Pop —‘/ H,, (t)dte " “* (13)
dr|Jo

By assuming the perturbation is H'(t) = H'e” where o is the
frequency of incident light, then ¢; becomes

Hl:n ' it —iwg,T H]én ei(“’—wk,,)z -1
. et Wt dr — - — . (14)
i 0 ih l((,() - wkn)

c(t) =
Using the formula of the § function §(x) = lim,_, o %
and ignoring higher-order quantities, the transition probability
becomes

2n /2
P = 7|Hkn| S(Ey — E, — hw). (15)

Finally, the optical absorption corresponds to the transition
rate per unit time,

A(w) o |Hy, [P[8(Ex — E, — Tiw)], (16)

where the § function represents the optical transition condi-
tion. This formula has the form of standard optical absorption,
however, the detailed contents included in H'(¢) as given
by Eq. (11) would produce different responses of the chiral
system to the circularly polarized light.

III. RESULTS AND DISCUSSION

In this section, we will discuss the results of optical ab-
sorption in TBG under different conditions, including linear
polarization of incident light, twisted angles, and interlayer
electric bias. Finally, the case of circular polarization of light
will be explored, which is related to the chirality of TBG.
Without loss of generality, we will consider a specific system
where a = b + 1 for twisted bilayer graphene.

A. Linear polarization

For absorption on linearly polarized light, first-order
perturbation is enough, i.e., we can neglect the second per-
turbation term about the magnetic field in Eq. (3). In this case,
the absorption formula can be obtained as

1
Alw. k) o Y w—2|E~ (Y () [ (VieHo (K)) [, (K)) |2

n,k kn

o Ex(K)) — f(En(k))
(Ex —E) —w—iy’

where the initial and final states are located in the valence and
the conduction bands, respectively. The Fermi surface is set to
zero. E is the electric field vector of linearly polarized light.
The function f in the last term is the Fermi-Dirac distribution.
y is a broadening factor and takes a value of 0.03 eV. To
calculate the overall absorption of light by TBG, this result
should be integrated over the first Brillouin zone. However,
the area around K in the reciprocal space makes the main
contribution especially for low-energy absorption.

We choose TBG with a twisted angle of 21.8° to calculate
the dependence of the light absorption at 514 nm on the
polarization direction. In Fig. 3, the light absorption of TBG

x I
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1 1180°
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FIG. 3. Polar diagram of light absorption of 21.8° TBG for
514 nm light. The angle is the polarization angle, whose zero point
is defined as shown of the lattice in the background.

twisted by 21.8° is drawn for different polarization vectors of
incident light E. It is obvious that the absorption has a certain
polarization dependence, featuring the anisotropy of the TBG.

B. Twisted angle

We here check the dependence of optical absorption of
TBG on the twisted angle for a fixed polarization direction
(6/2). The twisted angle 6 is set to three commensurate an-
gles, 21.8°, 13.17°, and 9.43°, respectively. The absorption
mainly happens in the low-energy domain, an order of magni-
tude larger than that in the high-energy range, and is immune
to the twisted angle, as shown in the left-hand panel of Fig. 4.
In the high-energy situation, as plotted in the right-hand panel
of Fig. 4, the absorption is relatively weak, but the first one (at
2-3 eV) experiences an outstanding redshift with the angle
decreasing and the second one (at 5 eV) a small blueshift,
which is consistent with the previous experimental [22] and
theoretical works [23,28]. The results are consistent with the
evolution of the energy band structure: low-energy absorption
occurs near the band gap at the K point, which possesses
a heavy optical transition and whose energy scale is mainly

—~60 10 5
& ] 0 43°
'c
=
a 40
e
s
[
220
e
[e]
7]
g 0 T T T T T T T T T
0 0.4 0.8 1 2 3 4 5 6

o (eV)

FIG. 4. Optical absorption of TBG at different twisted angles at
the higher- and lower-energy range of light.
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FIG. 5. (a) The energy band structure around the K point and
(b) the optical absorption in the low-energy domain of 21.8° TBG
subjected to different interlayer electric fields.

determined by the SOC, while high-energy absorption is
caused by the narrowed band gap as a whole when the twisted
angle decreases. Note that the vertical axis in the right-hand
panel of Fig. 4 is exponential, which means there exists a large
difference in optical absorption for these three twisted angles.

C. Interlayer bias

When a perpendicular electric field is applied to TBG, a
potential difference arises between the two layers, which mod-
ifies the on-site energy terms in the Hamiltonian of Eq. (4).
Consequently, the valence and conduction are deformed into
Mexican hats near the K point and anticrossing points with a
band gap of about 20 meV form rings. For instance, Fig. 5(a)
illustrates the evolution of the energy band structure for 21.8°
TBG. The conduction and valence bands contact and then
progressively form the anticrossing structure as the bias in-
creases from O to 0.08 eV. In these bands, the increase in the
radius of the rings formed by the anticrossing points makes the
probability of optical transitions surge near 0 eV. Numerical
calculations also support a significant enhancement in the ab-
sorption of low-frequency light. As depicted in Fig. 5(b), the
corresponding absorption in the low-energy domain emerges
as the band gap is reduced by the interlayer bias, and starts to
increase significantly once the bias is greater than the thresh-
old value of the band-gap closure (0.045 eV).

D. Circular polarization

When the incident light is circularly polarized, it is ex-
pected that the chirality of TBG can be observed. However,
the first-order perturbation applied in Eq. (17) cannot differ-

Circular Dichroism (arb.units.)

0.1 0.2

o (eV)

FIG. 6. CD spectrum of TBG. The insets are diagrams of the
twisting direction of TBG. € represents the twisted angle of the upper
layer relative to the bottom layer along the direction of incident light.

entiate the left and the right circular polarization cases. To
distinguish them, the second-order perturbation induced by
the light field needs to be considered, which includes con-
tributions from both electric quadrupole and magnetic dipole
terms. Taking SOC into account, the absorption can be ex-
pressed as

As(o,k) o Y (H{%Hyy + Hy L HL L)
nk

FEK) = f(Ea(K))

(Ex —En) —ow— iy’

(Wil (px £ ipy)n),

x Im (18)

/ —_—
Hl:t -

kn
1 can L oaa L am
H,, = ;(Wkll(pr L iZpy £ i8x — 8))[¥n), (19)

where the sign + (—) represents the right-handed (left-
handed) circularly polarized case. As the SOC would produce
a band gap as given in Fig. 2, there appears to be a strong
optical absorption on the energy scale of the band gap, i.e.,
0000.2 eV in our parameters. The chiral circular dichro-
ism (CD) spectrum, defined as A_ — A, can be used to
distinguish the chirality of the TBG. The CD spectrum of
21.8° TBG, calculated numerically based on our theory, is
presented in Fig. 6, which exhibits distinct differences be-
tween left-handed and right-handed chiral TBG. It has been
checked that changing the direction of the incident light
(Z - —Z2) can also produce the same CD spectrum. This
indicates that the CD spectrum is independent of the spe-
cific direction of the incident light and remains consistent
for a given chiral configuration. Therefore, the theory, tak-
ing advantages of the spin-orbit coupling and high-order
perturbations, provides an effective method to detect the
chirality of TBG.

IV. CONCLUSION

We investigate the optical absorption in TBG, developing
the absorption theory with both the fine band structure and
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the high-order light-TBG interaction considered. Under the
theory, the numerical calculations on the absorption are
conducted to show the dependence of absorption on the
light polarization, the twisted angle, and the vertical electric
field, respectively. The results show that (a) the absorption
experiences a redshift in the high-frequency range and is
enhanced significantly by decreasing the twisted angle; (b)

the absorption strength can be significantly improved by
increasing interlayer bias; (c) the absorption for linearly
polarized light demonstrates anisotropy of TBG; and (d)
the absorption for circularly polarized light manifests the
chirality of TGB. We conclude that the absorption theory
could be a valid method to detect the structural characteristics
of TBG, especially the chirality.
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