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Raman spectroscopy has been not only a technique for characterizing the composition and lattice structure of materials, but also a
platform to explore the electron-photon and electron-phonon couplings. When excited by circularly polarized light, the Raman
scattered light can carry a spin angular momentum ±ħ, which adds a new degree of freedom to study the Raman scattering
process. This review explains the principles of the helicity of Raman scattered light excited by circular polarization, and
introduces the recent advances in the fundamentals and applications of helicity-resolved Raman scattering in two dimensional
(2D) materials, including the assignment of overlapped Raman modes, the characterization of exciton-phonon coupling and the
application in chiral optics. We hope that this review will give a comprehensive understanding of the helicity selection rule in the
Raman scattering process and inspire more exploration on the applications of the helicity of Raman scattered light.
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1 Introduction

Raman scattering is an inelastic scattering of incident light
by the crystal lattice vibration, which can reflect the sym-
metry of crystal and vibration modes [1]. Raman spectro-
scopy is an effective characterization method to study the
structures of materials by analyzing the frequency, peak
width and intensity of Raman modes. The polarization state,
on the other hand, is also an important feature of Raman
scattered light, which has been extensively used to study the
symmetry of phonons and materials [2]. Two-dimensional
(2D) materials have attracted much attention and have been
widely explored for their unique structures and properties.
Among the characterization methods, Raman spectroscopy is
advantageous for its in-situ, rapid and nondestructive char-

acteristics [3–5]. More importantly, polarized Raman spec-
troscopy has been widely used for the study of structures and
properties in 2D materials [6]. For example, linearly polar-
ized Raman spectroscopy can be used for the identification
of the crystalline orientation of anisotropic 2D materials or
the characterization of strain in isotropic crystals [7–12].
When excited by a circularly polarized laser, the Raman

scattered light can also be circularly polarized, providing
another degree of freedom to explore the interaction between
light and crystals, which involves the exchange of angular
momentum between photons, electrons and phonons [13].
The circularly polarized light carries the spin angular mo-
mentum (SAM) and orbit angular momentum (OAM), which
are related to the polarization and the phase front of a photon,
respectively. The SAM describes the spin of a photon, which
is also named the helicity. The SAM can be ±ħ, corre-
sponding to the left-handed (+ħ) or right-handed (–ħ) cir-
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cularly polarized light, respectively. When a crystal is ex-
cited by circularly polarized light, the polarization state of
Raman scattered light is determined by the symmetry of
crystal lattice and the vibration modes [1]. For some vibra-
tion modes, the Raman scattered light can be circularly po-
larized, which means that the Raman scattered light can
possess a SAM of +ħ or –ħ. The helicity selection rule can be
deduced from symmetry analysis by group theory. Besides, it
can also be analyzed by the conservation law of pseudo-
angular momentum (PAM) during the Raman scattering
process [13].
Recently, helicity-resolved Raman spectroscopy (HRRS)

has been explored in 2D materials, such as graphene and
transition metal dichalcogenides (TMDCs) [14–18].
For graphene, the first-order Raman peak, the G mode, is
helicity-changed, which means that the Raman scattered
light owns a spin opposite to that of the incident light [15].
For TMDCs, such as MoS2, WS2, WSe2, there are two main
first-order Raman modes, the E 2g

1 mode and the A1g mode,
which are helicity-changed and helicity-conserved, respec-
tively [14]. Compared with linearly polarized Raman spec-
troscopy (LPRS), circularly polarized Raman spectroscopy
(CPRS) has advantages in the characterization of both
structure and physical properties of 2D materials. For the
identification of vibration modes, HRRS can be used for the
assignment and separation of the overlapped Raman modes
such as the E 2g

1 and the A1g modes of WSe2 [19,20], which
can be more accurate than the LPRS. Besides, HRRS can be
used for the identification of the out-of-plane orientation of
2D materials, which is less complex than LPRS [21]. More
importantly, the CPRS can be used for the exploration of
spin-phonon interaction and the chiral-optics in solid physics
due to the spin carried by the circularly polarized light [22,23].
In this review, we aim to give a systematic summary of

recent researches on the helicity of Raman scattered light,
from principles and characterization to applications, as
shown in Figure 1. Firstly, we discuss the origin of the he-
licity of Raman scattered light in Sect. 2, from the aspects of
the symmetry analysis and the conservation law of PAM. In
Sect. 3, we introduce the recent studies of HRRS in graphene
and TMDCmaterials. The applications of HRRS, such as the
assignment of overlapped Raman modes, the identification
of the out-of-plane orientation of 2D materials, the char-
acterization of exciton-phonon coupling and spin-phonon
coupling, and the application for chiral optics, are introduced
in Sect. 4. The summary and perspective are given in the last
section.

2 Helicity selection rule

The helicity of Raman scattered light is determined mainly

by the symmetry of crystal structure and the symmetry of
vibration modes, which can be reflected in the form of Ra-
man tensor. Thus the helicity selection rule can be deduced
directly from the symmetry analysis. Besides, based on the
microscopic theory of Raman scattering, that is, by analyzing
the interactions between the photons, electrons and phonons,
we can also deduce the SAM of Raman scattered light. In this
section, we discuss these two approaches to deduce the he-
licity selection rule, the one based on crystal and phonon
symmetries, and the other based on the conservation law of
PAM.

2.1 Crystal and phonon symmetry analysis

When a molecule is placed in an electric field (E) of the
incident light, the electrons in the molecule will deviate from
the nucleus to produce a dipole moment (P). For a first-order
Raman scattering process, P and E have a linear relationship:
P E= , where α is the molecular polarizability. Generally,
P and E are vectors along with different directions, and α is a
second-order tensor as following [1]:

= . (1)
xx xy xz

xy yy yz

zx zy zz

Therefore, the polarization states of the incident and
scattered light are correlated through the polarizability ten-
sor, which depends on the symmetry of the crystal structure
and the vibrational mode.
The polarizability tensor (α) of the first-order Raman mode

and the Raman tensor (R) are correlated by the following
relationship:

Figure 1 Schematic illustration of the researches on the helicity of Ra-
man scattered light for 2D materials (color online).
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where e and m are the unit charge and mass of an electron,
respectively. ωi is the frequency of the incident photon, is
the reduced Planck constant, d is the lattice constant, and x, y,
z are the coordinates in real space. Accordingly, P can be
described by the Raman tensors, and then be reflected in the
Raman intensity. For a crystal with a known structure, we
can get the irreducible representation of the point group
through the group theory analysis, and the Raman active
modes can be determined according to the corresponding
basic functions [24,25].
Generally, for a given Raman mode, the Raman scattering

efficiency (S) is related to the form of Raman tensor and
scattering geometry, which can be expressed by the follow-
ing equation [1]:

S A e R e A Re e= = , (3)
k l x y z

k
k l

l

, = , ,
s i

2

s i
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where ei and es are Jones vectors representing the polariza-
tion directions of the incident and the scattered light,
respectively. For linearly polarized light, the Jones vector is
cos
sin

0
, where θ is the angle between the light vector and the

x-axis. For left-handed circularly polarized light (σ+),

the Jones vector is i1
2

1

0
, while the Jones vector is i1

2

1

0
for right-handed circularly polarized light (σ−).
For doubly or triply degenerate Raman modes, the total

scattering efficiency should be the sum of contributions from
the two or three Raman tensors. So we can calculate the
Raman scattering efficiency through Eq. (3), and the
Raman signal can be detected only if the value of S is not
zero.

2.2 The conservation law of pseudo-angular
momentum

The Raman scattering process can be described by the in-
teractions between photons, electrons and phonons. When a
lattice absorbs a photon, the energy is transferred from the
photon to the electron which jumps from the ground state to
the excited state, then the electron interacts with a phonon
and transfers the energy to the crystal lattice, and finally, the
electron jumps back to the ground state along which a photon
is emitted. The intensity of first-order Raman scattering can
be given by the third-order-time-dependent perturbation
theory [26,27]:

( )

I E

m H m m H m m H m
E E E E

( )

( i ) i ,
(4)

k i f n n

f n n
v

n n i

ni n i

L

= , , 

op ep op

L L

2
s i

where m n is the electronic state, Hop
s and H v

ep are the per-
turbation Hamiltonians of the electron-photon and electron-
phonon interactions, and the three matrix elements

m H mn iop
i , m H mn

v
nep and m H mf nop

s represent the

interactions between incident photon and electron, electron
and phonon, electron and Raman scattered photon, respec-
tively. EL, E  ni and v are the energy of incident light, the
energy difference between the ith and the nth states, and the
energy of the vth phonon mode. γ is the broadening factor,
which is inversely related to the lifetime of the excited car-
rier. It can be seen from the equation above that the Raman
scattering process involves three stages, as shown in Figure
2, and the conservation law of PAM for each stage can be
analyzed when excited by circularly polarized light, which
has been reported by Tatsumi et al. [13].
For the first stage, in which the photon exchanges PAM

with the electron, the conservation law of PAM can be ex-
pressed as:
m m Np p= +  ( = 0,  ±1,  ±2 …), (5)n i i

where m i and m n are the z components of the PAM (LZ) for
the ith and the nth electronic states, and they are the eigen-
states of the unperturbed Hamiltonian for
L m m m=Z n n n . i is the SAM of the incident photon,
here the value of i can be +1 and −1 for left-handed and
right-handed circularly polarized light, respectively. N is the
rotational symmetry of the crystal lattice. p is an integer
indicating the umklapp process of the PAM, in which the
PAM changes to m<0 or m>N because of the rotational
symmetry.
For the second stage, in which the electron interacts with

the phonon, the conservation law of PAM is

m m m N p p= +  ( = 0,  ±1,  ±2 …), (6)n n v v
ph

where Nv is the rotational symmetry of vibration modes. m v
ph

Figure 2 Schematic of the Raman scattering process excited by circularly
polarized light. Reproduced with permission from Ref. [13]. Copyright
2018 American Physical Society (color online).

3Zhao et al. Sci China Chem



is the PAM of phonons, which can be +1, −1 or 0 [28]. The
values of m v

ph for different crystals and phonons will be
discussed in detail in Sect. 2.3.
For the third stage, in which the Raman scattered light is

emitted, the conservation law of PAM is
m m Np p= +  ( = 0,  ±1,  ±2 …), (7)i n s

where s is the SAM of the Raman scattered light.
From the equations above, the conservation law of the

whole Raman scattering process can be deduced:

Np m N p p p= +  ( , = 0,  ±1,  ±2 …). (8)i v Vs 1
ph

2 1 2

Thus for a given helicity of the incident circularly polar-
ized light, we can deduce the helicity of Raman scattered
light by analyzing the symmetry of crystal structure (N) and
the symmetry of phonons (NV , m v

ph), which is consistent
with the classic theory of Raman tensor.
Tatsumi et al. [13] summarized the conservation law of the

PAM for the first-order helicity-changed Raman scattering in
D2h, D3h, D4h, and D6h point groups, as shown in Table 1. For
D6h and D3h point groups such as graphene and TMDCs, the
first-order Raman active modes are degenerate, and the PAM
of phonons can be ±1 or 0. Whereas for D4h and D2h point
groups, of which the first-order Raman modes are non-
degenerate, the PAM of phonons is zero. We can then get the
values of p for the helicity change and helicity conservation
for the Raman modes in different crystals according to Eq.
(8).

2.3 The chirality of phonons

As discussed in the above section, the helicity of Raman
scattered light is also related to the PAM of phonons. The
PAM of phonons can be nonzero for crystals and vibration
modes with specific symmetry [29]. The chiral phonon was
firstly reported by Zhang et al. [28], and they pointed out that
the phonons at high symmetry points (Γ, K, K′) of the Bril-
louin zone for hexagonal lattices can be chiral, which has
been confirmed by Zhang et al. [30] in experiments.
Figure 3a shows the phonon dispersion relation of the

honeycomb AB lattice, and the insets show the phonon vi-
brations of the A and B sublattices [28]. It can be seen that at

the corner of the Brillouin zone, that is, the K and the K′
points, all the vibrations are circularly polarized. For bands 1
and 4, the vibration directions of A and B sublattices are
opposite. For bands 2 and 3, one sublattice is circularly po-
larized while the other is still. And the vibration amplitudes
are denoted by the radii of circles. For the hexagonal crystal,
the phonon at high symmetry points has a threefold rotational
symmetry about the z-direction perpendicular to the lattice
plane, and thus the wave function uk of the phonon can be
expressed by

R z u u(2 / 3, ) = e , (9)k
l

k
(2 /3) k

ph

where R is the rotation operator, l k
ph is the PAM of phonon.

And the PAM of phonon lph is the sum of the spin PAM l s and
the orbital PAM lo:
l l l l l= + = + . (10)A A B Bph

s o s o

The orbital PAM lo can be deduced from the phase change.
For the phonons at K or K′ point, the phase changes for the
two sublattices are shown in Figure 3b, and the orbital PAM
can be +1 or −1 for A and B sublattices. Whereas for the
phonons at Γ point, there is no phase change for the two
sublattices and the orbital PAM is zero. At K point, the spin
PAM for bands 1 and 4 are l = 1A

s and l = 1B
s . The PAM for

band 2 and band 3 are l = 1B
s and l = 1A

s , respectively. Thus
the PAM of phonons for the four bands at K and K′ points can
be obtained, as shown in Figure 3c, and the PAM of phonons
for bands 2 and 3 can be +1 or −1.
At the center of the Brillouin zone (Γ point), the doubly

degenerate acoustic or optical modes are not circularly po-
larized, whereas the superposition of the degenerate modes
can be circularly polarized [28]. As shown in Figure 3d,

 vj
1 and  vj

2 are the two degenerate eigenvectors for the pho-
non at Γ point, and the superposition of the doubly degen-
erate modes generates the circular vibration, which can be
right-handed or left-handed circularly polarized [13]. Cor-
respondingly, the PAM of the doubly degenerate phonon can
be ±1.
The first-order Raman scattering process involves the

phonons at the Γ point. When the phonon is chiral, we can
analyze the Raman scattering process based on the con-

Table 1 The conservation law of PAM for the helicity change of the first-order Raman modes for several point groups. Adapted with permission from Ref.
[13]. Copyright 2018 American Physical Society

Point group Vibration mode N Nv Degeneracy mv
ph p for the helicity change

D2h Ag 2 2 Nondegenerate 0 ±1

D2h B1g 2 2 Nondegenerate 0 ±1

D3h E′ 3 1 Degenerate 0, ±1 ±1, ±2, ±3

D4h B1g 4 2 Nondegenerate 0 ±1

D4h B2g 4 2 Nondegenerate 0 ±1

D6h E2g 6 2 Degenerate 0, ±1 ±1
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servation law of PAM [13], as shown in Sect. 2.2. Taking the
hexagonal graphene as an example, when it is excited by
circularly polarized light, a photon with SAM l = ±1photon is
absorbed and an electron jumps from the ground state to the
excited state with a change of PAM l l=electron photon . Then
the excited electron interacts with a chiral phonon and finally
jumps back to the initial state by emitting a photon. Thus the
change of PAM for the photon can be obtained directly from
the PAM of the phonon. And it can be deduced that the
helicity of the Raman scattered light for G band of graphene
is opposite to the incident light, which will be discussed in
detail in Sect. 3.1. Thus the helicity of Raman scattered light
can be related to the chiral phonons for hexagonal crystals
[28]. Du et al. [31] used the HRRS for the identification of
the lattice dynamics and the chirality of phonons at the high-
symmetry points of Brillouin-zone in 2D itinerant ferro-
magnet Fe3GeTe2, which has a hexagonal honeycomb
structure and threefold rotational symmetry.

3 Helicity-resolved Raman spectroscopy of
two-dimensional materials

For 2D materials excited by linearly polarized light, the

polarization selection rule has been studied in detail and the
angle-resolved polarized Raman spectroscopy (ARPRS) has
been widely used for the determination of crystallographic
orientation in 2D crystals with in-plane anisotropy or the
isotropic 2D crystals with in-plane strain [7–12]. When ex-
cited by circularly polarized light, the helicity of Raman
scattered light can be analyzed by HRRS [14], for which the
setup is similar to the linearly polarized Raman spectroscopy.
Figure 4 shows a schematic diagram of the experimental
setup for the HRRS. The excitation laser passes through a
linear polarizer followed by a broadband quarter-wave plate
to produce σ+ or σ− circularly polarized light. The back-
scattered Raman light passing through the same quarter-
wave plate is collected and analyzed with a broadband half-
wave plate and a linear polarizer. The Raman scattered light
with the same or opposite helicity as the incident light can be
separately detected through the rotation of the half-wave
plate, which are called the σ+σ+ (σ−σ−) and σ+σ− (σ−σ+)
configurations, respectively.
Recently, the HRRS attracts much interest in the field of

2D materials, which is proven to be a powerful tool for the
phonon mode assignment. Chen et al. [14] reported the
HRRS of TMDCs like MoS2, MoSe2, WS2, and WSe2. They
discovered that some Raman scattered photons maintain the
same helicity as the incident photons, while others are op-

Figure 3 (a) Phonon dispersion relation of a honeycomb AB lattice. The insets show phonon vibrations for sublattices A and B in one unit cell at K and K′,
numbers 1 to 4 denote four bands. The circles represent the vibrations of A and B, including the vibration amplitudes, phase and rotation directions. (b) Phase
correlation of the phonon nonlocal part for sublattice A (upper two panels) and sublattice B (lower two panels) at K′ (left panels) and K (right panels). (c)
Phonon pseudoangular momentum (PAM) for bands 1 to 4 at valleys K and K′. Reproduced with permission from Ref. [28]. Copyright 2015 American
Physical Society. (d) The vibration of the in-plane degenerate modes at Γ point of graphene.  vj

1 and  vj
2 are the two degenerate eigenvectors. + ivj vj

1 2 and

+ i  vj vj
1 2 are the reconstructed vibrations of the two orthogonal eigenvectors  vj

1 and vj
2. The red and blue arrows denote the real and imaginary parts,

respectively. Reproduced with permission from Ref. [13]. Copyright 2018 American Physical Society (color online).
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posite, which can be explained by the helicity selection rule.
Drapcho et al. [15] reported that the G band of graphene is
helicity-changed. In this section, we will introduce the
HRRS of graphene and TMDCs, and analyze the helicity
selection rule of first-order Raman modes by the Raman
tensor.

3.1 The HRRS of graphene

Graphene is a two-dimensional single-atom-thick allotrope
of carbon with a honeycomb structure, which belongs to
hexagonal symmetry and the point group is D6h [32,33]. The
G band of graphene is the first-order E2g mode, which ori-
ginates from the doubly degenerately in-plane transverse
optical (iTO) and longitudinal optical (iLO) phonons at the

center of the first Brillouin zone [34–36]. Figure 5a is the
HRRS for the G band of monolayer graphene for the 633 nm
laser excitation, which indicates that the spin of the emitted
photon is opposite to that of the incident photon. The Raman
tensors for the G mode can be described as:

0 d 0
d 0 0
0 0 0

, 
d 0 0
0 -d 0
0 0 0

.

According to the theory discussed in Sect. 2.1, we can get
the helicity selection rule by calculating Raman scattering
efficiency: I = 0+ + , I d2+

2. So the Raman scattered
light of G band in graphene switches helicity completely
compared with that of the incident light, which agrees well
with the experimental result as shown in Figure 5a.
For multilayer graphene, it has been reported that the in-

terlayer coupling can influence the helicity selection rule and
the phonon chirality of G mode can be reduced with in-
creasing layer number [37]. The HRRS of graphene with
varying layer numbers is shown in Figure 5b. The helicity
polarization degree is defined as P=(Iσ+σ−−Iσ+σ+)/( Iσ+σ−+Iσ+σ+),
where Iσ+σ+ and Iσ+σ− are the Raman intensities of G mode for
the σ+σ+ and σ+σ− configurations. It can be seen from Figure
5c that the polarization degree decreases with the increasing
layer number.

3.2 The HRRS of TMDCs

TMDCs are materials that have MX2 structure, where X is a

Figure 4 Schematic of the experimental setup for HRRS. The green (red)
path represents the incident (scattered) light. Reproduced with permission
from Ref. [14]. Copyright 2015 American Chemical Society (color online).

Figure 5 (a) The HRRS for the G band of monolayer graphene. Adapted with permission from Ref. [15]. Copyright 2017 American Physical Society. Inset
shows the vibration modes of the iTO and iLO phonons at the Γ point of the Brillouin zone of graphene. Reproduced with permission from Ref. [12].
Copyright 2018 MDPI. (b) HRRS of graphene with varying layer numbers. (c) The polarization degree for the G mode of graphene as a function of layer
number. Adapted with permission from Ref. [37]. Copyright 2021 American Physical Society (color online).
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chalcogen atom and M is a transition metal atom [38]. Till
now, the HRRS of several TMDCs have been reported, such
as MoS2, WS2, MoSe2 andWSe2. Here we analyze the HRRS
of MoS2 as an example. The point group for bulk MoS2 is
D6h. For layered MoS2, the point group is D3h andD3d for odd
and even number of layers, respectively [39,40]. There are
two typical first-order vibration modes for MoS2 in the
backscattering configuration, which are the E / E / E2g

1
g

mode and the A / A / A1g 1 1g mode for bulk/odd/even number

of layers [41,42]. The E / E / E2g
1

g mode represents the in-
plane relative motion of transition metal and chalcogen
atoms, which can be denoted as the IMC mode, and the
A / A / A1g 1 1g mode represents the out-of-plane vibration of
chalcogen atoms, which can be denoted as the OC mode, as
shown in Figure 6a. Figure 6b, c show the HRRS of WS2 (b)
and MoS2 (c) with various thicknesses, which indicates the
Raman scattered light of OC mode has the same helicity as
the incident light while the IMC mode has the opposite he-
licity [14].
For OC mode, the Raman tensors for A / A / A1g 1 1g mode

are the same:

a
a

a

0 0
0 0
0 0

.

And the calculated Raman scattering efficiencies for dif-
ferent helicity selective configurations are: I a+ +

2,
I = 0+ . So the Raman scattered light will have the same
helicity as the incident light, which agrees well with the
experimental results.

For IMC mode, the Raman tensors are
d

d
0 0

0 0
0 0 0

and

d
d

0 0
0 0
0 0 0

for both E 2g
1 and modes, while

c d
c
d b

0
0 0
0

and

c
c d

d

0 0
0
0 0

for Eg mode. Similar calculations can be done

according to Eq. (3), which shows the Raman scattering ef-
ficiency is zero (nonzero) for the same (opposite) helicity.
The calculation is also consistent with the experimental re-
sults.

Figure 6 (a) Schematic diagrams of the two first-order Raman modes (IMC, OC) of monolayer TMDC. HRRS of the IMC and OC modes of WS2 (b) and
MoS2 (c) with various thicknesses. Inset in (c) shows the polar plot of the normalized intensities of Rayleigh (green), IMC (blue), and OC phonon (orange)
scattering for MoS2. (d) Schematic diagrams of interlayer shear and breathing vibration modes of bilayer TMDC. HRRS for shear (S) and breathing (B)
modes of WS2 (e) and MoS2 (f) with various thicknesses. Adapted with permission from Ref. [14]. Copyright 2015 American Chemical Society (color
online).

7Zhao et al. Sci China Chem



Except for the Raman modes at high frequency, the helicity
selection rule also applies to the low frequency (LF) Raman
modes, which can be used to identify LF Raman modes and
explore interlayer coupling in 2D materials [14,43]. For
multilayer MoS2, a couple of acoustic phonons from in-
dividual layers could generate new optical phonons, in-
cluding the in-plane LO/TO shear mode and the out-of-plane
ZO breathing mode [44,45], as shown in Figure 6d. The
breathing modes have A / A1g 1 symmetry, and the shear

modes have E / Eg symmetry for even/odd layers of MoS2,
and the helicity selection rule for these two modes can be
calculated according to Eq. (3). It can be deduced that the
breathing mode is helicity-conserved while the shear mode is
helicity-changed, which agrees well with the experimental
data of the TMDCs with different thicknesses shown in
Figure 6e, f.

4 The applications of HRRS in 2D materials

The HRRS has been used for characterizing both the struc-
ture and properties of 2D materials. The helicity selection
rule is based on the symmetry analysis of crystal structure
and lattice vibration, and thus HRRS can be used for the
identification of vibration modes [14]. Besides, the helicity
selection rule is also determined by the interactions between
photon, electron and phonon, which can be used for the study
of electron/exciton-phonon couplings [17]. In addition, the
helicity of Raman scattered light can be used for the ex-
ploration of chiral-optics [23].

4.1 The assignment of overlapped Raman modes

Linearly polarized Raman spectroscopy can be used to as-
sign Raman modes that have different selection rules. For the

two first-order Raman modes (E 2g
1 , A1g) of MoS2, we can

measure the linearly polarized Raman spectra for two dif-
ferent configurations: −Z(XX)Z and −Z(XY)Z. The E 2g

1

mode can be detected in both XX and XY configurations,
whereas the A1g mode can only be detected in XX config-
uration [15,46]. Thus for the linearly polarized Raman
spectra, we can identify the E 2g

1 mode in XY configuration
where the A1g mode is forbidden, but can not distinguish the
two modes for the XX configuration where both E 2g

1 and A1g

modes are present. Whereas by using the HRRS, we can
separate E 2g

1 and A1g modes either in σ+σ+ or σ+σ− config-
urations where only one of them appears, which makes the
HRRS a powerful method to assign or separate the first-order
Raman modes with different symmetries, in particular, when
two modes overlap significantly in energy [20,47−50]. For
WSe2, the peak positions of E 2g

1 and A1g modes are both at
the vicinity of 250 cm−1 and hard to separate. As shown in
Figure 7a, b, by using HRRS, the peak positions of the
overlapped Raman modes can be separated and extracted
accurately. Kim et al. [19] explored the resonance effects and
the Davydov splitting in multilayer WSe2 with the assistance
of HRRS. Besides, the HRRS can be used for the char-
acterization of TMDCs alloys. Jadczak et al. [51] used the
HRRS to attain an insight into the composition-dependent
phonon symmetry in Mo(SySe1−y)2 alloys. As shown in Fig-
ure 7c, d, with the induction of S atoms into the lattice of
MoSe2, the A1mode in MoSe2 splits into two Raman modes,
which corresponds to the A (Se-Se)1 and A(Se-S)* modes in
Mo(S0.3Se0.7)2. Comparing the HRRS in Figure 7c, d, we can
know that these two modes in Mo(S0.3Se0.7)2 maintain the
helicity selection rule as that of the out-of-plane A1 mode.
Besides, the HRRS in Figure 7d also helps to identify the

Figure 7 (a, b) The HRRS of WSe2 with different layer numbers for the (a) σ+σ− or (b) σ+σ+ configurations. The Davydov-split peaks of the A1g mode are
resolved in (b). Reproduced with permission from Ref. [19]. Copyright 2017 IOP Publishing. The HRRS of (c) MoSe2 and (d) Mo(S0.3Se0.7)2. Reproduced
with permission from Ref. [51]. Copyright 2017 American Physical Society (color online).
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MoS2-like impurity A1 mode at a higher frequency
(398.4 cm−1).

4.2 The identification of the out-of-plane orientation of
2D materials

Characterizing the spatial orientation of nanomaterials in the
assembly is significant for exploring and manipulating the
related physical or chemical properties including thermal
conductivity, electrical conductivity, and mechanical prop-
erty [52,53]. LPRS, especially ARPRS, has been widely used
to identify the in-plane crystallographic orientation of 2D
materials [54]. However, it will be much complex to char-
acterize the spatial orientation using LPRS when considering
the out-of-plane rotation of 2D materials. Since the in-plane
orientation of materials does not affect the helicity of the
Raman scattering when excited by circularly polarized light,
and the Raman intensity is only determined by the out-of-
plane orientation, HRRS can be an effective technique for
accurate characterization of the out-of-plane orientation of
materials [21].
Recently, our group demonstrated that the HRRS can be

used for identifying the oblique angle of vertical graphene
(VG) arrays [21]. The three-dimensional orientation of a
graphene sheet can be expressed by Euler angles ( , , ), as
shown in Figure 8a. The Jones vectors of ei and es can be
expressed as i(cos ± sin ) in helicity resolved Raman

spectroscopy for the graphene with tilting angle θ. And the
Raman intensities of G mode for the σ+σ+ or σ+σ− config-
urations are calculated to be I sin+ +

4 and

I (cos + 1) + 4cos+
2 2 2 , respectively, which clearly

show that the helicity resolved Raman intensities are only
related to the out-of-plane orientation angle θ. For the hor-
izontal graphene sheet with θ=0°, the G mode is helicity-
changed. For VG array with θ=90°, I + + and I + are
identical (Figure 8b). However, I + + will be smaller than
I + for other values of θ (Figure 8c). For VG array on a
substrate, the oblique angle of the graphene sheet can be
extracted by measuring the circular polarization ratio

( I
I= +

+ +
) with the continuous variation of the tilting angle

of the substrate (Figure 8d). Thus the HRRS can quantita-
tively characterize the out-of-plane orientation of 2D mate-
rials, and the characterization of three-dimensional spatial
orientation in more complex systems can be achieved by
combining HRRS and linearly polarized Raman spectro-
scopy.
Besides, HRRS can be used to characterize randomly or-

iented materials. Zhao et al. [55] used the HRRS and ARPRS
to investigate the Raman characteristics of MoS2 flakes with
random orientation in solution. They established the polar-
ization selection rule based on the unitary rotation transfor-
mation of the Raman tensor and the overall integration of
Raman intensities of the randomly orientated MoS2 flakes,

Figure 8 (a) The schematic diagram of the three-dimensional orientation of a graphene sheet expressed by the Euler angle (θ, φ, ε). The left part is the
schematic diagram of VG array on a substrate with a tilting angle α. (b) HRRS of VG array with θ=0°. Inset shows the sample’s scanning electron microscopy
(SEM) image. (c) HRRS of VG array with 0°<θ<90°. (d) Correlation of ρ for G mode with the tilting angle α. The inset is a cross-sectional SEM image of VG
array with an oblique angle θ0. Adapted with permission from Ref. [21]. Copyright 2021 American Chemical Society (color online).
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which are different from that of the solids. By combining
the theoretical calculation and the experimental results,
they extracted the ratio of Raman tensor elements. Their
results demonstrate that HRRS can serve as a method to
explore the preferential orientation of 2D materials in the
solution phase.

4.3 The characterization of exciton-phonon coupling

In the Raman scattering process, the Raman cross section can
be enhanced when the excitation energy is near resonance to
the excitonic states. Meanwhile, the excitonic resonance may
also affect the Raman selection rule [15,46]. In this section,
we will discuss the effect of excitons on the helicity selection
rule and show that HRRS can be used to characterize ex-
citon-phonon coupling in 2D materials.
Martin et al. [56] reported the observation of the forbidden

1LO scattering near excitonic resonance in CdS, which in-
dicates that the excitons may affect the helicity selection rule.
Several works have shown that laser energy may also in-
fluence the helicity of the Raman scattered light. Drapcho et
al. [15] reported the breakdown of helicity selection rule for
E 2g

1 mode of MoS2 when excited resonantly to the excitonic
energy levels. As shown in Figure 9a, two main absorption
peaks correspond to the A and B excitons for monolayer
MoS2 [15,57,58]. When excited by 532 nm laser which is
off-resonance to the excitonic states, the E 2g

1 (E′) mode is
helicity-changed, as shown in Figure 9b. Whereas for
633 nm excitation, which is on-resonance to the excitons,
the E 2g

1 (E′) mode is no longer strictly helicity-changed, as
shown in Figure 9c. The authors supposed that the break-
down of helicity selection rule may be related to the valley
pseudospin, and they attributed the helicity-conserved E 2g

1

(E′) peak to a defect-assisted process that can be enhanced by
the selective coupling of valley pseudospin to photon spin.
Recently, it has been reported that the breakdown of he-

licity selection rule also exists in the bilayer and bulk MoS2
[17]. Miller et al. [16] pointed out that the Fröhlich inter-
action is the main reason for the helicity-conserved compo-
nent of the E 2g

1 mode of MoS2. Similar results and explana-
tions have also been reported in WS2 [18,59]. The electron-
phonon interaction is one essential step in the Raman scat-
tering process. There are four kinds of electron-phonon
couplings including the acoustic deformation potential,
acoustic piezoelectric potential, optical deformation poten-
tial, and the Fröhlich interaction (FI). Among these forms of
electron-phonon couplings, the deformation potential (DP)
for optical phonons is mostly considered for the Raman
scattering process in which the first-order Raman active
modes are commonly from the optical phonons at Γ point.
For the DP, the volume-changing lattice vibration modifies
the crystal potential that induces an inelastic scattering of an
electron by emitting (or absorbing) a phonon [60]. For the FI,
as shown in Figure 10a, it is generated by the longitudinal
optical (LO) phonons in polar or ionic crystals, which are the
out-of-phase motion for adjacent atoms, and it can generate a
macroscopic electric field that exerts on the electrons or
excitons [61], corresponding to the electron-phonon inter-
action or exciton-phonon interaction, respectively. In ex-
periments, the relative proportion of them is determined by
the excitation energy. When the energy of the excitation laser
is on-resonance to the excitonic transition energy, the gen-
erated excitons are much more than that for the off-excitonic
resonant excitation, and the exciton-phonon interaction
dominates over the electron-phonon interaction. Whereas for
the off-excitonic excitation, electron-phonon interaction
dominates. The FI for LO phonon gives the nonzero diagonal
Raman tensor elements as shown below [16,62,63]:

a
a

a
R =

0 0
0 0
0 0

.
F

F

F

FI
LO

This form of Raman tensor is different from that de-

Figure 9 (a) The absorption spectrum of monolayer MoS2 from a supercontinuum light source. The peak positions of A and B excitons are at 655 and
610 nm. The laser excitation wavelengths at 633 and 532 nm are used for HRRS measurements. The on-resonance 633 nm excitation is close to both the A
and B exciton peaks, while the off-resonance 532 nm excitation is far from both exciton peaks. HRRS of exfoliated monolayer MoS2 for (b) off-resonance
532 nm excitation and (c) on-resonance 633 nm excitation. Adapted with permission from Ref. [15]. Copyright 2017 American Physical Society (color
online).
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termined by the DP for LO phonon, of which the diagonal
elements are zero [64]. The different forms of Raman tensor
lead to the different selection rules for the Raman modes of
LO phonon in polar or ionic crystals, such as the E 2g

1 mode of

TMDCs. For FI, the helicity selection rule is: I aF+ +
FI 2,

I = 0+
FI . Thus the FI determines the helicity-conserved

component of E 2g
1 mode.

The E 2g
1 mode mainly exhibits helicity-changed for the off-

resonance excitation, which means that the intensity of DP
dominates over the FI. However, the relative intensities
contributed by FI and DP change with the excitation energy,
and the intensity contributed by FI can be comparable or
even much stronger than that by DP when the excitation
energy is on-resonant to the excitonic states [65], and thus for
on-excitonic resonant excitation, there are both helicity-
changed and helicity-conserved components for E 2g

1 mode.
The different helicity selection rules and the corresponding
Raman scattering processes for off-resonant and on-resonant
excitation are shown in Figure 10b.
To confirm the effect of excitons on the helicity selection

rule, Miller et al. [16] modulated the carrier density of MoS2
by constructing a field-effect device with polymer electrolyte
gate and measured the HRRS of monolayer MoS2 for off-
resonance and on-resonance excitation at low charge carrier
density and on-resonance excitation at high charge carrier
density, as shown in Figure 10c–h. When the carrier density

is increased, the helicity-conserved component of E 2g
1 mode

decreases, which is attributed to the Coulomb screening ef-
fect on the excitons. Besides, our group [17] modulated the
dielectric environment of MoS2 by constructing h-BN/MoS2
heterostructure or depositing HfO2 on the surface of MoS2
and found that the Raman intensity contributed by the DP
does not depend much on the dielectric constant while the FI
contribution decreases with increasing the dielectric constant
due to the dielectric screening effect on the excitons.
The relation between the exciton-phonon interaction and

the helicity of the E 2g
1 mode offers an opportunity to evaluate

the relative proportion of the DP and the FI by the HRRS.
Our group [17] explored the evolution of contributions of the
DP and the FI for the on-excitonic resonance excitation in
MoS2 as a function of temperature, laser power and layer
number by analyzing the relative intensities of the helicity-
changed and helicity-conserved components of E 2g

1 mode,
and we concluded that the FI is more sensitive to the excitons
and can be enhanced much more than the DP when the ex-
citation energy is near-resonant to the excitonic states.
Besides, Chen et al. [66] studied the symmetry-controlled

electron-phonon interactions in 2D materials/SiO2 van der
Waals heterostructures by measuring HRRS. They found that
the helicity of Raman scattered light for the heterostructure is
opposite to that of the valley polarization in 2D honeycomb
materials, which indicates the existence of a phonon-assisted
excitonic intervalley scattering process.

Figure 10 (a) Illustration of the movement of the atoms for the LO phonon mode of MoS2. The resulting electric field is indicated with red arrows. The
Fröhlich interaction means the interaction between the macroscopic electric field and an exciton. (b) Schematic of the Raman scattering processes for
monolayer MoS2 excited by circularly polarized light with specific helicity and the helicities of the Raman scattering light for off-excitonic resonance (left)
and on-resonance (right) excitations. Reproduced with permission from Ref. [17]. Copyright 2020 American Chemical Society. The HRRS of monolayer
MoS2 in a field-effect device with polymer electrolyte gate at T=300 K under (c) off-resonance excitation, low charge carrier density; (d) on-resonance
excitation, low charge carrier density; (e) on-resonance excitation, high charge carrier density. The filled curves are Lorentzian fits to the data. (f–h) Polar
plots of the normalized amplitude of the fitted peaks are shown in the panel above the respective plot versus the rotation of the quarter-wave plate. The black
arrows mark 0°. 0° and 90° correspond to the σ+σ+ and σ+σ− configurations, respectively. Figure (a, c–h) reproduced with permission from Ref. [16].
Copyright 2019 Springer Nature (color online).
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4.4 The characterization of spin-phonon coupling

The magneto-optic Raman effect has been widely in-
vestigated in magnetic materials, which refers to the influ-
ence of magnetic order on the Raman scattering [67,68]. The
spin-phonon coupling can also be reflected in the variation of
Raman modes such as the change of phonon energies and
linewidths, which makes Raman spectroscopy an efficient
method to investigate the interplay between magnetism and
lattice [69–71]. Moreover, the spin-phonon coupling may
also change the polarization state of Raman scattered light
[22]. During this Raman scattering process, the spin ex-
change may occur between photons, electrons and phonons,
which can be reflected in the helicity of Raman scattered
light. Thus HRRS can be used to characterize the electronic
spin configuration or the spin-phonon coupling in magnetic
materials.
The distinct spin-phonon coupling has been reported in

monolayer CrI3, which is a typical 2D magnetic material
[72]. Huang et al. [73] measured the HRRS of atomically
thin CrI3 flakes to explore the magneto-optical Raman ef-
fects. When the time-reversal symmetry in CrI3 is broken
below the magnetic transition temperature, the Raman op-
tical selection rule is changed and the circularly polarized
Raman scattering can be affected by the ferromagnetic order.
For the non-magnetic phase above the Curie temperature
(Tc~45 K), the Raman intensities of the out-of-plane A1g

mode in σ+σ+ and σ−σ− configurations are equal (Figure
11a). Whereas the A1g mode intensity can be dominated by
either the σ+σ+ or the σ−σ− configurations when the mag-
netization points up, depending on the spin-up or spin-down
ferromagnetic states (Figure 11b, c).
A similar phenomenon has also been found in VI3. Lyu et

al. [74] measured the Raman spectra of VI3 (Tc~50 K) for the
parallel circularly polarized configurations (σ+σ+ and σ−σ−),
and they found that the Raman intensities of the dominant Ag

mode are equal for left- (σ+) and right-handed (σ−) circularly
polarized light excitation above the magnetic transition
temperature (Figure 11d), whereas they show the obvious
difference for the ferromagnetic (FM) phase (Figure 11e).
The temperature dependence of the helicity polarization
degree is shown in Figure 11f. Moreover, the Raman in-
tensities in σ+σ+ and σ−σ− configurations can be tuned by an
applied out-of-plane magnetic field and the hysteresis can be
observed (inset of Figure 11f), which displays the magnetic
order dependence of the helicity selection rule. These results
demonstrate that HRRS can be used to characterize the
magnetic phase transition and the magnetism-lattice inter-
action.

4.5 The Raman scattered light for chiral-optical
application

The chirality of Raman scattered light can couple with sur-

Figure 11 (a–c) HRRS of the out-of-plane A1g vibration mode of monolayer CrI3 at 60 K (a), and the two ferromagnetic states, spin-up (b) and spin-down
(c) at 15 K. Adapted with permission from Ref. [73]. Copyright 2020 Springer Nature. HRRS of the out-of-plane Ag mode of VI3 thin layer for the two
parallel configurations (σ+σ+ and σ−σ−) measured at 60 K (d) and 1.7 K (e). (f) The variation of Raman helicity polarization

( )( ) ( )I I I I= / ++ + + +
as a function of temperature. Inset shows the tuning of Raman helicity polarization by a full cycle of the magnetic field.

The arrows show the field sweep direction. Adapted with permission from Ref. [74]. Copyright 2020 American Chemical Society (color online).
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face plasmons for the exploration of chiral-optics in solid
physics. Although the valley pseudospin in TMDCs offers
the possibility to separate the valley-polarized excitons, they
are always restricted to the excitation conditions and the fast
depolarization of carriers [75]. The chiral phonons in hex-
agonal crystals have a much lower decoherence rate, which
makes them a substitute for valley-polarized excitons to
explore the spin-orbit interaction at room temperature [23].
Guo et al. [23] used the chiral Raman scattered light of WS2
as a homogeneous circularly polarized source to couple with
the surface plasmon polaritons (SPPs) in Ag nanowire, as
shown in Figure 12a. And Figure 12b shows the HRRS of
WS2 flakes, which gives the chirality of the two first-order
Raman modes. When excited by circularly polarized light,
the chiral Raman scattered light directionally couples to the
SPPs owing to the spin momentum locking effect. That is,
the left- or right-handed circularly polarized light couples to
SPPs propagating toward one of the terminals of the nano-
wire, depending on the chirality of Raman scattered light and
the position of the excitation spot relative to the nanowire, as
shown in Figure 12c, d. This article extends the optical spin-
orbit interaction to the Raman scattering regime and displays
an inspiring application of the chirality of phonons and the
Raman scattered photons.

5 Summary and outlook

The helicity of Raman scattered light offers another freedom
to study the Raman scattering process. The helicity selection

rule can be analyzed from the aspect of classic theory by
Raman tensor or from the aspect of semi-classic theory by
analyzing the interactions between photons, electrons and
phonons, based on which we can find the relationship be-
tween the helicity of Raman scattered light and the symmetry
of crystal structure or vibration modes. The helicity of Ra-
man scattered light can be used for the phonon modes as-
signment, which can be a supplement for the commonly used
linearly polarized Raman spectra.
Except for the structure and vibration modes symmetry

analysis, the helicity of Raman scattered light is also im-
portant for the exploration of interactions between photons,
electrons and phonon, especially for the study on the chir-
ality of phonons. Besides, the different helicity selection
rules for the deformation potential and the Fröhlich inter-
action offer an opportunity to explore the evolution of the
relative proportion of different kinds of electron-phonon
couplings. And the exciton also plays an important role in
determining the helicity of Raman scattered light, and hence
the carrier density, dielectric constant, and temperature may
affect the helicity of Raman scattered light by modulating the
excitons.
In the past several years, the study on the helicity of Raman

scattered light in 2D materials is mainly on the hexagonal
crystals, for which the helicity selection rule and the effect of
the exciton-phonon interactions have been discussed in de-
tail. Whereas the helicity selection rule for crystals with
lower symmetry has not been explored. Besides, the re-
lationship between the helicity of Raman scattered light and
the chirality of phonons needs further understanding. The

Figure 12 (a) Illustration of the experimental design and the mechanism. The chiral Raman scattered light of WS2 couples to the SPPs in Ag nanowire. (b)
The HRRS of WS2, excited by 633 nm laser. The Raman imaging of the A1g mode under excitation of (c) left-handed and (d) right-handed circularly polarized
light for different excitation spot positions. Adapted with permission from Ref. [23]. Copyright 2019 American Physical Society (color online).
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helicity of Raman scattered light not only can be used for the
characterization of crystal structure and the assignment of the
vibration modes, especially by comparing and combining the
circularly and linearly polarized Raman spectroscopy, but
also can provide a new method to explore the physical
properties of 2D materials and inspire new understanding on
the Raman scattering process.
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