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Chiral phonon and in-plane Raman optical activity of anisotropic layered «-MoOj3
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The interaction between electromagnetic fields and optical phonons in two-dimensional (2D) van der Waals
(vdW) materials such as «-MoQOj; produces a strong phonon-polariton effect within the midinfrared to terahertz
frequency range. This phonon-polariton effect is highly anisotropic in nature because of the in-plane anisotropic
lattice vibration of ®-MoOj3, which needs to be explored. In this paper, we have successfully synthesized cm-scale
high-quality «-MoOj; crystals using the physical vapor deposition technique. Using helicity-resolved Raman
spectroscopy, we have investigated the chiral phonon modes in ®-MoQOj3 by varying flake thicknesses as well
as a fast-hand distinction between the A, and B;, modes in different flake thicknesses exfoliated from the
parent crystal. Our findings indicate the existence of chiral phonons in ¢-MoO; and their strong dependency
of chirality over the thickness of the flakes. Additionally, our analysis reveals strong in-plane anisotropy in
as-grown o-MoOs3, which is confirmed through angle-resolved Raman spectroscopy, and the degree of anisotropy
is estimated quantitatively with respect to the thickness of the «-MoQOj; flake. It is observed that the anisotropy
ratio is different for different Raman modes. However, the variation of the anisotropy ratio for a particular mode
is strongly dependent on the thickness of «-MoQj. Furthermore, two sets of A, modes were observed in «-MoOj3
through the Raman optical activity measurements. One set of A, modes is oriented along the a axis and another
set along the b axis. In this study of chiral phonon modes and the corresponding anisotropy along the in-plane

direction, we provide valuable insights into the design of polarization-sensitive photonic devices.
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I. INTRODUCTION

In recent times, there has been growing interest in the in-
vestigation of the in-plane anisotropy of the two-dimensional
(2D) van der Waals (vdW) materials, including black phos-
phorus (BP) [1], ReX; (X = S, Se) [2,3], MoTe; [4], and
WTe; [5], due to their low symmetry such as orthorhombic,
triclinic, and monoclinic symmetries [6]. These materials ex-
hibit exciting in-plane orientation-dependent properties which
differ from the other isotropic vdW materials, and this in-
plane anisotropy provides an additional parameter to control
and tune their physical properties [7,8]. As a result, they
have the potential for a wide range of applications, such as
polarization-sensitive photodetectors [9], linearly polarized
pulse generators [10], and high-gain digital inverters [11].
Although the anisotropic transition metal dichalcogenides
(TMDCs) have been studied extensively, however, the nature
of anisotropy in 2D transition metal oxides (TMO) has rarely
been explored.

a-MoOj3 belongs to the 2D TMO-based layered semicon-
ductors with a wide band gap of ~3.0 eV and an orthorhombic
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structure [12]. The interaction between the electromagnetic
field and the optical phonon in @-MoOj; produces phonon po-
laritons in the midinfrared to terahertz frequency range [13].
The phonon-polariton effect in «-MoQj is highly anisotropic
due to the anisotropic vibration of the lattice [13—15]. There-
fore, it is essential to investigate the anisotropy of the lattice
vibrations in ¢-MoOj3, which can be accomplished using po-
larized Raman spectroscopy. In general, Raman spectroscopy
is a nondestructive and fast-hand technique widely used for
the characterization of vdW materials [16]. It provides infor-
mation about the stacking order [17], layer thickness [18],
thermal properties [19], and strength of interactions between
the layers in vdW systems [20].

In comparison with unpolarized Raman spectroscopy,
helicity-resolved Raman spectroscopy (HRRS) is extensively
used to determine exciton/electron phonon coupling [21,22],
ferromagnetism [23], quantum interference [23], and chiral
phonon [24]. In HRRS, circularly polarized light is used to an-
alyze the symmetry of the first-order Raman mode around the
highest symmetric I point of the vdW materials [25]. Here,
circularly polarized light excites the first-order Raman modes
of the vdW materials, and the helicity of the scattered light
from different first-order Raman modes will have the same or
opposite helicity as the incident light, depending on the crystal
symmetry. The helicity-selective rules of the Raman scattered
light are determined by the symmetry of the crystal and the
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lattice vibration [25]. Although HRRS can give insights of
chiral phonons, it has limitations over the determination of
the degree of anisotropy in low symmetric crystal structures.
Angle-resolved polarized Raman spectroscopy (ARPR) is an-
other commonly used technique to identify the Raman modes,
determine the crystallographic orientation, and quantify the
Raman tensor of the vdW materials [6,26].

In a recent study, Wen et al. [27] investigated in-plane
Raman anisotropy and orientation of o-MoOj crystals using
polarized Raman spectroscopy, and a chiral phonon has been
observed at the high-symmetry points of MoS,, which has
a hexagonal lattice [24]. However, the systematic study of
chiral phonon Raman modes, as well as the in-plane Raman
anisotropy with respect to the thickness of nonhexagonal lat-
tices such as @-MoQOj flakes, is rarely explored in literature. In
this paper, first, we have synthesized «-MoQj crystals using
the physical vapor deposition (PVD) technique at atmospheric
pressure, followed by mechanical exfoliation of as-grown
a-MoOj crystals to get lower-thickness flakes. Thickness-
dependent HRRS measurements have been carried out on
the «-MoOj flakes to know the nature of helicity Raman
modes. The helicity-reversed scattering suggests the chiral na-
ture of the phonon. Interestingly, both helicity-conserved and
helicity-reversed Raman scatterings have been found in the
a-MoOj; flakes, and the degree of helicity selectivity strongly
depends on the thickness of the @-MoOj flakes. The degree of
helicity selectivity can also be used to distinguish the A, and
Bj, modes in «-MoOj3. In addition, the thickness-dependent
ARPR has been performed on the flakes to quantify the
in-plane Raman modes anisotropy in «-MoQOj3. Our findings
demonstrate another pathway to identify A, and B;, modes
in «-MoOj flakes and quantify the degree of anisotropy for
the different Raman modes. Additionally, Raman optical ac-
tivity (ROA)¢,,, confirms two sets of A, modes in anisotropic
a-MoOj3. One set of A, modes is oriented along the a axis
and another set along the b axis. However, the (ROA)¢,;, mea-
surements do not give much information for isotropic material
such as MoS,. By understanding the anisotropic properties of
«-MoQs, one can design devices that are highly responsive to
the change in polarization, making them ideal for a wide range
of applications, from sensing to telecommunications.

II. MATERIAL AND METHODS
A. «-MoO; growth

Here, «-MoO3; was synthesized using the PVD technique
at atmospheric pressure. In a typical run, 0.1 g of MoOs3
(Sigma Aldrich 99.97%) precursor powder was taken in an
alumina boat. This boat was kept inside an inner quartz tube,
and afterward, this tube was transferred into the outer quartz
tube of the tubular furnace. With the help of Ar (100 SCCM)
carrier gas and a temperature of 800°C, the freestanding
a-MoOj crystals of a few centimeters were formed at the
cold zone of the furnace (~30 cm away from the precursor).
The schematic of the setup and optical image of «-MoOj3
crystals are shown in Figs. 1(b) and 1(c). These a-MoO3
crystals were collected and reduced to lower-thickness
flakes using a mechanical exfoliation technique. Thin flakes

(~10-625 nm) were transferred onto a cleaned SiO,
(300 nm)/Si substrate for further characterization.

B. Characterization of «-MoQO; flakes

An optical microscope (LVIOND-Nikon) was used to
identify the mechanically exfoliated «-MoO; flakes of
different thicknesses on the SiO, (300 nm)/Si substrate.
X-ray diffraction (XRD) was performed by using a Rigaku
smart lab x-ray diffractometer to check the crystallinity of
a-MoOj crystals. The compositional analysis was done by
using energy-dispersive x-ray spectroscopy (EDS) with an
FEI Inspect F field emission scanning electron microscopy
(FESEM). High-resolution transmission electron microscopy
(HRTEM, JEM-3010, JEOL) was used to know the in-plane
lattice parameters and structure of «-MoOj3. The accelerating
voltage of the electron source beam was 200 kV during the
measurement. Park system NX-10 atomic force microscopy
(AFM) was used for measuring the «-MoQO; flake thickness
with a scan rate of 0.3 Hz. The single-scan Raman spectra and
mapping were performed by using a Witec alpha 300R Raman
spectrometer with 532 nm laser excitation having a spot size
of ~1 um. Also, 1800 lines/mm gratings were used for all

Raman measurements with a spatial resolution of ~1 cm™!.

C. Transmission electron microscopy sample preparation

A modified wet transfer method was used to prepare the
sample for transmission electron microscopy (TEM) analysis.
In general, potassium hydroxide (KOH) solution is used for
the wet transfer technique, but in the case of «-MoO3;, KOH
reacted with the «-MoO; flakes severely and got degraded
[28]. To avoid this, we first coated a thin layer of polymethyl
methacrylate (PMMA) on a cleaned SiO; (300 nm)/Si sub-
strate and kept it dry for 24 h. Then the «¢-MoQOj3 crystal
was exfoliated on PMMA-coated SiO, (300 nm)/Si substrate
using scotch tape, followed by a coating of PMMA again on
a-MoOj; flakes and kept 30 min for drying. The schematic is
shown in Fig. S2(a) in the Supplemental Material [29] and
describes the transfer process in detail. In the next step, this
PMMA-coated substrate was dipped into a 2M KOH solution
for 24 h, in which KOH worked as an etching agent to etch
out the Si0;. The floating PMMA layer containing -MoO3
flakes was transferred into the DI water solution and kept for
24 h to clean the residual KOH. Finally, the clean o-MoO3
flakes with the PMMA layer were transferred into the TEM
grid. Acetone was used to clean the PMMA from the TEM
grid. The clean «-MoOj3 on the Cu-mesh TEM grid was kept
for 24 h for drying.

D. HRRS and angle-resolved Raman measurements

The chiral Raman modes of «-MoO; were measured
through HRRS. For the helicity measurements of «-MoO3, the
linearly polarized excitation is converted into the right-handed
(RCP, o) or left-handed (LCP, o ) circularly polarized light
by placing the quarter-wave plate (with 45° or 315° angle to
the principle axis) in the path of incident laser light and the
sample, whereas in the detection part, the second quarter-wave
plate is placed before the analyzer and the charge-coupled
device (CCD) detector to select the helicity of the scattered
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FIG. 1. (a) Crystal structure of «-MoO3 with Mo and O atoms represented as red and blue solid spheres, respectively. Mo atoms are located
at the center of the octahedron of MoOg. (b) Schematic showing physical vapor deposition (PVD) synthesis of «-MoOj; crystals. The light blue
rectangular bar depicted in the diagram represents the resulting «-MoOj crystals that are formed in the vicinity of the PVD chamber outlet.
(c) Optical image of the as-grown cm-scale «-MoOj; crystal. (d) X-ray diffraction (XRD) pattern of the as-grown crystal along with JCPDS
card No. 35-0609. (e) Optical and atomic force microscopy (AFM) images, along with the height profile of F6 and F7 flakes obtained by the

mechanical exfoliation of «-MoOj crystal. Here, the scale bar is 10 um.

light. The schematic of the setup is shown in Fig. S6(a) in the
Supplemental Material [29]. In this arrangement, the scattered
RCP (LCP) light was converted to the linearly polarized com-
ponent of light by the second quarter-wave plate, and these
components were further selected by the analyzer and finally
collected through the CCD detector. This setup allows us to
measure the Raman spectra in four different configurations:
ot/ot, 0% /o~,07 /oT, and 0~ /o ~. For the ARPR study, a
half-wave plate was placed in the path of the incidence laser
to rotate incidence laser polarization from 0° to 180°, and an
analyzer (0° or 90°) was kept in the detection path for the
selectively collecting the scattered light either parallel (0°)
or perpendicular (90°) configuration with respect to the basal
plane of «-MoOs.

III. EXPERIMENTAL RESULTS AND DISCUSSION

a-MoOs; is a layered material with an orthorhombic crystal
structure, and it belongs to the Pbnm space group [30]. The
monolayer of «-MoOj; consists of double layers of distorted
MoOg octahedra bound together via weak vdW force along
the [001] axis and ionic and covalent bonds along the in-plane
([100]-[010]) atoms in «-MoO3 [31,32], as shown in Fig. 1(a).

Due to weak vdW forces along the [001] axis, it can be easily
peeled out layer by layer and can be down to a few layers
to the monolayer limit. In this paper, we have synthesized
the large area «-MoOj crystals from the MoO3; powder using
the PVD method with the flow of 100 SCCM Ar gas and
growth temperature of 820°C. A detailed growth process is
given in the Material and Methods section. Figure 1(c) shows
the centimeter-sized «-MoQOj; crystal. The as-grown crystal
was mechanically exfoliated to get «-MoOj3 flakes of different
thicknesses for further studies. The optical image as well as
the height profile of the seven flakes with different thicknesses
are shown in Figs. 1(e) and S1(a)-S1(e) in the Supplemental
Material [29]. The thicknesses of flakes F1, F2, F3, F4, F5,
F6, and F7 measured through AFM are ~10, 19, 46, 144, 172,
328, and 625 nm, respectively.

Here, we have used XRD to assess the crystallinity of
as-grown o-MoQOs crystals. The XRD pattern of as-grown
«-MoOs crystal on SiO; (300 nm)/Si substrate is collected
in the 26 range from 10° to 80°. The XRD peaks are located
at positions ~12.7°, 25.7°, 38.9°, 52.8°, and 67.5° with the
Miller indices (020), (040), (060), (080), and (0,10,0) respec-
tively, which show good agreement with the JCPDS card data
[035-0609] shown in Fig. 1(d). One can see that mostly (0k0)
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FIG. 2. (a) Low-magnified high-resolution transmission electron microscopy (HRTEM) image of the «-MoO; flake. (b) Atomic-scale
HRTEM image of the -MoOQj; flake. (c) Magnified image of the «-MoO; flake. The parallel line corresponds to the in-plane lattice parameter
of @-MoOs. (d) Selected area electron diffraction (SAED) pattern of the «-MoOj; flake. (e) Unpolarized Raman spectra of F7 and F6 flakes.
The insets show the zoomed spectrum over the region of 70-400 cm ™. (f) Optical image of the F3 flake with a scale bar of 10 um. (g) and (h)
Raman mappings correspond to 282 and 817 cm™' modes for the «-MoOjs flake.

peaks are present in the XRD pattern, confirming the single-
crystalline nature of «-MoOj3 crystals grown using the PVD
technique [31].

For surface morphology and elemental composition analy-
sis, FESEM was used with the source accelerating voltage of
30 kV. From the scanning electron microscope (SEM) image
shown in Fig. S2(b) in the Supplemental Material [29], one
can see that as-grown «-MoQOs crystals exhibit a layered struc-
ture with a rectangular shape. EDS measurement was carried
out to know the composition analysis, as shown in Fig. S3 in
the Supplemental Material [29]. The atomic percentage of Mo
and O in the «-MoOs crystal is found to be ~24 and ~76%,
which confirms the stoichiometry of ¢-MoOj3 [33].

HRTEM was performed on an ¢-MoO; flake of thickness
~16 nm to know the crystal structure of ®-MoO;3. The low-
magnified image is shown in Fig. 2(a). Figure 2(b) shows the
HRTEM image of the «-MoOs3 flake, and Fig. 2(c) shows
the magnified image of Fig. 2(b). The in-plane lattice pa-
rameters are found to be ~0.37 and 0.39 nm, which agree
well with the reported values [32]. Figure 2(d) shows the
selected area electron diffraction (SAED) pattern of «-MoO3,
and the rectangular pattern confirms the orthorhombic crystal

structure of @-MoQOj3, which is consistent with previously re-
ported patterns [32-34].

The unit cell of «-MoOs3 consists of 16 atoms, and the
lattice vibrations consist of 45 optical phonon branches and
3 acoustical phonon branches [27,31]. Based on the group
theory, there are 24 Raman active modes in «-MoQOs3, i.e., 84,
4B|g, 8B5,, and 4B3, [32]. Unpolarized Raman measurements
were performed on «-MoOj3 flakes with different thicknesses
(F1-F7) in the range of 70-1030 cm~! using 532 nm laser
excitation. The unpolarized Raman spectrum of flake F7 is
shown in Fig. 2(e), where 11 prominent Raman modes were
positioned at ~80, 113, 155, 196, 216, 282, 336, 364, 664,
817, and 993 cm~'. It is found that some of the Raman mode
intensity is compromised upon the reduction of thickness in
the «-MoOs flake due to the weak interlayer coupling of
layers [30,35]. Figure 2(e) shows the Raman mode of flakes
F7 and F6 with thicknesses of ~625 and 328 nm, respec-
tively. The Raman modes of other intermediate thicknesses
are shown in Fig. S4 in the Supplemental Material [29]. De-
tailed information about the Raman modes of «-MoOQO; flakes
with different flake thicknesses obtained from unpolarized Ra-
man spectra is given in Table S1 in the Supplemental Material
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[29]. In @-MoOs, the modes in the range of 1000—664 cm ™!
are attributed to the Mo-O stretching, while M=O bending
modes occur in the frequency range 472280 cm~!, and Mo-
O-Mo deformation modes occur in the range 250-80 cm™!
[34]. The Raman modes, positioned at 113, 196, 282, and
664 cm™!, are referred to as B ¢ modes, whereas the modes
positioned at 80, 155, 216, 336, 364, 817, and 993 cm~! are
known as A, modes [31]. Figures 2(g) and 2(h) show the
Raman mapping of the two most prominent 282 and 817 cm ™!
Raman modes of flake F3 shown in Fig. 2(f). The uniformity
of Raman mode intensity in mapping confirms that there is no
such phase variation of the exfoliated flakes over the region of
interest in this paper.

To investigate the chirality of phonon in «-MoOsj, the
HRRS study was carried out on different thicknesses of
«-MoOs flakes. The schematic in Fig. S6(a) in the Supple-
mental Material [29] shows the experimental setup for the
HRRS study. In HRRS, the sample is excited with either LCP
or RCP light, and scattered Raman signal, which consists
of LCP and RCP components (with different percentages)
of Raman modes, are detected separately. For each Raman
mode, if the scattered light is copolarized with the incident
light, then the chirality of the corresponding mode is con-
served. On the other hand, if they are cross-polarized, then
the chirality conservation is broken, which is called chiral-
ity switching. The helicity conserved scattering is referred
to as (oct/oT or 07 /o~), whereas nonconserved helicity
is denoted as (6t /o~ or 0~ /o ™). In the case of TMDCs,
the helicity-reversed Raman scattering at the high-symmetric
point confirms the presence of chiral phonon [24,36]. The
quantitative analysis of chirality has been discussed in the
light of the Raman tensor in the following section.

The Raman tensor of different Raman modes in ¢-MoO3
can be written as [30,31]

a 0 O

RApy=[0 b ol (1)
0 0 ¢
0 d4 0

RBig)=1|d 0 0], 2)
0O 0 O
0 0 e

RBy=[0 0 ol 3)
e 0 O
0o 0 O

RB3) =0 0 f @
0o f O

The intensity of the different Raman modes in «-MoO; can
be expressed as [37]

I x Z|estei|2, (5)
J

where e; is the incident light polarization unit vector, e;
is the scattered light unit polarization vector, and R; is
the Raman tensor of the Raman mode. For the HRRS,
the incident/scattered Raman vector for the right circular
light o+ = 1/4/2(1i 0) and for the left circular light 0~ =
1/+/2(1 —i 0). By employing these vectors in Eq. (5) and the
corresponding Raman tensor for different modes of «-MoOs3,

the selection rules of the helicity-resolved Raman for ¢-MoOj3
(when the incidence light is perpendicular to the [100]-[010]
plane of the «-MoOj3 flake) are

la + b

I(Ap),, YR (6)
I(Biy),, =0, (7
I(By,),, = 1(B3g),, = 0, ®

la — bl
I(Ag)cross & 4 ’ (9)
I(B1g) e o I, (10)
I(Bzg)cross = 1(B3g)cross = 0. (In

Based on the selection rule, only A, and B;, modes
should be observed in the helicity-resolved measurement,
whereas B,, and B3, modes will be forbidden in this con-
figuration; see Note S1 in the Supplemental Material [29].
Figures 3(a) and S5(a)-S5(f) in the Supplemental Material
[29] show the HRRS in o /o™ and 0% /o~ configuration
along with the difference in intensity between copolarization
and cross-polarization configurations for the «-MoOj; flakes.
It is observed that the Raman modes positioned at ~155, 216,
336, 364, 817, and 993 cm~! have maximum intensity in the
copolarization configuration, i.e., these modes preserve the
helicity, which is incident on it. In other words, these modes
are helicity-conserved Raman modes. On the other hand,
Raman modes positioned at ~113, 196, 282, and 664 cm™!
have a maximum intensity in the cross-polarization configura-
tion, i.e., for these modes, helicity is reversed. Also, from the
figures, Raman modes corresponding to the helicity conserved
in a copolarization configuration are A, modes, and the Raman
modes with helicity reversed in a copolarization configuration
are the B, modes. These observations exactly match Eqgs. (6),
(9), and (10) based on the Raman tensor analysis. However, it
can be noticed that, for the copolarization configuration, the
intensity of the B, mode should be zero, but experimentally,
the Bj, mode has a minimum with nonzero intensity in the
copolarization configuration. This might be because of the
nonnormal part of the laser polarization falling on the basal
plane of «-MoO; flakes, which gives rise to the nonzero
intensity of these modes [38].

Additionally, from Figs. S5(e)-S5(f) in the Supplemental
Material [29], for the lower-thickness flakes (F2 and F1), the
Raman mode positioned at 282 cm~! has almost zero intensity
in the copolarization configuration and the maximum intensity
in cross-polarization configuration, i.e., this mode completely
switches the helicity of the incident light. This is because the
crystal imparts the angular momentum of the incident photon
for switching the helicity of the scattered photon. Here, the
helicity switching of modes points toward the chiral nature
of the phonon in the @-MoOj flakes. It is also observed that
the chirality of the phonon strongly depends on the thickness
of the «-MoO;5 flakes. With the increase in thickness, the
intensity of Bj, modes becomes nonzero in the copolarization
configuration, which can be seen in Figs. 3(a) and S5(a)-S5(d)
in the Supplemental Material [29]. This thickness dependency
on the chirality of the phonon suggests that the interlayer
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FIG. 3. (a) and (b) Helicity-resolved Raman spectra (HRRS) and corresponding intensity difference between copolarized and cross-
polarized Raman scattering of the F6 flake in the range of 100-1030 cm~! with 532 nm laser excitation. The o+ /o* (60~ /0~) and 0+ /o~
(0~ /o) represent the helicity-conserved and helicity-reversed Raman scattering in the «-MoO; flakes shown by the red and blue lines,
respectively, and the black color line represents the difference in intensity. (c) Degree of chirality (p) for different thicknesses of flakes as a
function of Raman shift in % /0" and o /o~ configuration. The A, modes show the positive value of the degree of chirality, while the Bj,
modes show the negative value of the degree of chirality. (d) Variation of the degree of chirality for different Raman modes with respect to
the thickness of the «-MoO; flakes. (¢) HRRS for the F6 flake in 0 /0" and o~ /o~ configurations are represented by red and blue lines,
respectively. The black line represents the Raman optical activity (ROA)c. The a- and b-axis-oriented A, modes are shown in cyan and violet

dotted lines, respectively.

interaction influences the chiral nature of the phonon in
«®-MoOs3 [39]. Similar observations are also made in the
o~ /o~ and 0~ /ot configurations, where we excite the sam-
ple only with LCP light and detect LCP and RCP light.
This can be seen in the Figs. 3(b) and S6(b)-S6(g) in the
Supplemental Material [29].

The degree of the chirality (o) of different Raman modes
in 07 /0" and ot /o~ configurations for the HRRS can be
expressed as [39]

S

where I,4/54+ and I,4 /o~ are the Raman mode intensity of
copolarized and cross-polarized Raman scattering.

For all the flakes, it is found that the degree of chirality
is different for different Raman modes. For all A, modes, p
has a positive value, whereas for all Bj, modes, p is negative
in both configurations shown in Figs. 3(c) and S6(h) in the

Ig+/g+ — Ia*/a*

_— 12
Ia+/a+ +Ia+/g— (12)

Supplemental Material [29]. The different p values are shown
in Fig. 3(c). For flake F6, the Raman modes (A, modes)
positioned at ~155, 216, 336, 364, 817, and 993 cm~! show
the helicity conservation (o) ~ 38, 45, 56, 19, 67, and 63%,
whereas the B, modes positioned at ~113, 196, 282, and
664 cm~! show ~16, 48, 55, and 42% helicity-reversed (p~)
degree of chirality in o /ot and 0 /o~ configurations. For
flakes F1-F7, the degree of chirality is given in Tables S2
and S3 in the Supplemental Material [29] for both configura-
tions. From Tables S2 and S3 in the Supplemental Material
[29], we found that the value of the degree of chirality is
almost the same in both configurations. This indicates that
the degree of chirality is independent of the configuration
of the circular polarized Raman measurements. To know the
thickness dependency of the degree of chirality, the experi-
ment was carried out on the different thickness flakes. The
HRRS measurements of these flakes are shown in Figs. 3(a)
and 3(b), S5(a)-S5(f), and S6(b)-S6(g) in the Supplemental
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Material [29], and from Figs. 3(c) and S6(h) in the Sup-
plemental Material [29], the magnitude of p is different for
different thicknesses of the flake for a particular Raman mode.
For instance, the degree of chirality of Bj, and A, Raman
modes positioned at 196, 282, 336, 664, 817, and 993 cm™!
decreases in magnitude with respect to the thickness shown in
Figs. 3(d) and S6(i) in the Supplemental Material [29] for both
configurations. This is due to the interlayer coupling between
the «-MoOj layers influencing the degree of chirality [39—41].
For a detailed analysis, see Note S3 in the Supplemental
Material [29]. Furthermore, as per earlier reports, the axial
refractive index is different for this anisotropic «-MoQj3 [33],
which causes unequal light coupling with the modes, which
is highly directional with the crystal axis. To show that, we
have compared the two circularly polarized Raman spectra
in 0% /0T and o~ /o~ configurations. For the isotropic ma-
terials, the Raman mode intensity will be the same for the
ot /ot and 0~ /o~ configurations. To show this, we have
performed these measurements on MoS,, which is isotropic
in nature (see Fig. S7(a) in the Supplemental Material [29]).
As expected for isotropic material, both configurations show
similar intensity in MoS,. Surprisingly, for the anisotropic
materials, in this case, «-MoO3, the A, modes show different
intensity behavior in these two configurations. We defined
the Raman optical activity [(ROA)c = Is- /6~ — Is4/0+] de-
rived by taking the intensity difference between the Raman
spectra of 0~ /o~ and o /o™ configurations. In this case,
for @-MoQO3, we found two sets of (ROA)q of A, modes.
One set of A, modes (126, 155, 215, and 364 cm™ ") shows
a positive value of (ROA)- (see Figs. 3(f) and S8(a)-S8(f)
in the Supplemental Material [29]), and interestingly, these
modes are a-axis-oriented Raman modes. Meanwhile, another
set of A modes (817 and 993 cm™~!) shows a negative value of
(ROA); these are assigned as b-axis-oriented Raman modes.
This also verifies our assumption and gives us the fast-hand
and one-step method to identify the axial modes in anisotropic
materials as well as provides a straightforward alternate way
to distinguish different types of Raman modes and the chi-
ral nature of the phonon in the «-MoOj; system. A detailed
discussion of different axis-oriented modes is provided in
the next section. This measurement technique with circularly
polarized light added an extra dimension to a set of anisotropic
materials to explore their axial orientation of Raman modes.

The anisotropic ratio in the Raman modes for «-MoOj is
measured using ARPR. The schematic for the ARPR study
is shown in Fig. S9 in the Supplemental Material [29]. For
ARPR, the incident polarized vector is e; = (cosa sinc 0),
where « is the rotation angle between the incidence laser and
the x axis, and the scattered polarized unit vector is e, = (100)
and (0 1 0) when the analyzer is parallel and perpendicular
to the basal plane of @-MoO3, respectively. By using Eq. (5)
with the appropriate Raman tensor, the intensity of the Raman
modes in parallel and perpendicular configurations can be
expressed as

1"(A,) o (acosa)?, (13)
1'(By,) o (dsina)?, (14)
1'(Bag) = 1'(Bs3g) = 0, (15)

I*(Ag) o< (bsina)?, (16)
I*(By,) o< (d cosa)?, 17
I"(Byg) = I""(B3g) = 0. (18)

The above calculation shows that only A, and B, modes
will have nonzero intensity; see Note S2 in the Supplemental
Material [29]. The corresponding intensity variation of A,
modes will provide the value of two Raman tensor elements
a and b when the analyzer is parallel and perpendicular to
the basal plane of the «-MoO; flake, respectively. The By,
modes will give the value of Raman tensor element d, which
is expected to be the same in both the parallel and perpendic-
ular cases. Figures 4(a)—4(f) and 5(a)-5(f) show the variation
of Raman mode intensity with respect to the incident laser
polarization for different Raman modes of flakes F7 and F6,
respectively. Both A, and B, modes have different inten-
sity variations with the incident laser polarization. The Ay,
modes have minimum intensity ~90° when the analyzer is
parallel and maximum intensity when the analyzer is perpen-
dicular. On the other hand, for the B, modes, the intensity
variation does not follow the same pattern as the A, mode.
The intensity of the B, mode is maximum/minimum ~120°
when the analyzer is parallel/perpendicular. This is true for
all other flakes shown in Figs. S10-S14 in the Supplemental
Material [29]. The angular mismatch (~30°) between the A,
max and B, max clearly depicts that in-plane ([100]-[010]
plane) anisotropy of «-MoOj is highly directional and based
on the axial orientation of Mo and O atoms. In contrast with
isotropic materials such as MoS; and WSe,, the Raman modes
do not show variation in intensity with respect to the incident
laser polarization [42,43]. Our intensity variation in Raman
intensity with respect to the polarization angle is well fitted
with Egs. (13), (14), (16), and (17) derived from the Raman
tensor analysis.

By fitting the ARPR data with Egs. (13)—(18), it is ob-
served that A, modes are of two kinds: case 1, where a >
b, and case 2, where a < b can be seen in Table S4 in the
Supplemental Material [29]. For flakes F6 and F7, A, Raman
modes positioned at ~80, 336, 817, and 993 cm~! have a < b,
i.e., these Raman modes are designated as Az modes. The A,

Raman modes positioned at ~155 and 364 cm~! have a > b,
named as Aj, which are in good agreement with the previously
reported studies [30,31]. It is found that the value of Raman
tensor element d is almost the same in both cases (when the
analyzer is parallel or perpendicular) for Bj, modes, as can
be seen in Table S5 in the Supplemental Material [29]. The
difference between a and b is due to the anisotropic atomic
displacement in «-MoQOj3 [31]. Further, it was found that some
of the Raman modes (~155 and 364 cm ") of flakes F6 and F5
do not follow a similar trend of intensity variation like F1, F2,
F3, F4, and F7. This is due to the different relative intensity
profile variation as compared with the other flakes, as shown
in the inset of Fig. 2(e). Further study may need to explain
such unlike behavior of those two modes. The ratio of b/a
is calculated to know the in-plane Raman anisotropy present
in «-MoOs. It is found that the b/a ratio is different for the
different Raman modes and shows the periodiclike variation
with respect to the thickness. The variation of the b/a ratio
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FIG. 4. (a) Intensity variation of A, Raman modes for the F7 flake as a function of incident laser polarization. (b) and (c) Color plot of
A, modes when the analyzer is parallel and perpendicular to the basal plane of the a-MoO; flake, respectively. (d) Intensity variation of B,
Raman modes for the F7 flake as a function of incident laser polarization. (e) and (f) Color plot of B;, modes when the analyzer is parallel and
perpendicular to the basal plane of the «-MoOj; flake, respectively. Blue and red lines represent that the analyzer is parallel and perpendicular

to the basal plane of the flake.

with respect to the thickness is shown in Fig. 6(a) for the 8§17
cm™! (AZ) and 155 cm™" (A%) Raman modes. The periodiclike
variation in the b/a ratio of different Raman modes is because
the birefringence of @-MoO3; modulates the ARPR response,
which leads to the interferencelike pattern of the bla (Fi,)
(see Note S4 in the Supplemental Material [29]) [1,44,45].
Moreover, the birefringence of «-MoO; causes unequal light
coupling with the Raman modes, which is highly directional
with the crystal axis. To show that, we have again compared
the two linear polarized Raman spectra in 0°/0° (excita-
tion/detection) and 90°/90° polarization configurations. For
isotropic materials such as MoS,, all the intensities in 0°/0°
and 90°/90° configurations will be the same, as expected [42].
We have verified this phenomenon with standard MoS, flakes,
as shown in Fig. S7(b) in the Supplemental Material [29].
However, surprisingly, for the anisotropic materials, in this
case, @-MoOs3, the A, modes show different intensity behavior
in these two configurations. We defined the Raman optical
activity [(ROA) = lo oo — Ioo- s90- ] for plane-polarized light,

which is derived by taking the intensity difference between
the Raman spectra of 0°/0° and 90°/90° configurations. Here,
one set of A, modes (126, 155, 215, and 364 cm™ 1) shows
a positive value of (ROA);, and interestingly (see Figs. 6(b)
and S15(a)-S15(f) in the Supplemental Material [29]), these
modes are a-axis oriented. Meanwhile, another set of A, (80,
817, and 993 cm~!) modes shows a negative value of (ROA); ;
these modes are b-axis-oriented Raman modes. Here again,
the in-plane direction confirmation of different modes is done
in two different ways: one with Raman tensor analysis and
another one through (ROA); between two sets of linearly po-
larized Raman spectra. In conclusion, through the (ROA)c .
measurements, only two sets of Raman spectra can confirm
the crystallography-axis-orientated mode rather than perform-
ing complete ARPR measurements (rotating the complete
sample or laser polarization angle), which is time consuming,
too. Furthermore, the ARPR data show that there is an angular
mismatch between the axis-oriented modes, as can be seen
in Figs. 6(c) and S16(a)-S16(f) in the Supplemental Material
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[29], which again concluded with the different magnitudes
of the birefringence effect over the Raman modes based on
crystal axis orientation in -MoOs.

IV. CONCLUSIONS

In summary, «¢-MoOs crystals were synthesized using
the PVD technique. The HRRS study was performed on
the different thicknesses of the «-MoQOj3 flakes, which were
obtained through the mechanical exfoliation of as-grown
a-MoOj3 crystals. It is observed that all the A, modes
exhibit helicity-conserved Raman scattering, whereas B,
modes show helicity-reversed scattering in «-MoOj. Helicity-
reversed Raman scattering indicates the presence of the chiral
phonon at the high-symmetric point of the Brillouin zone.
The Bj, mode positioned at 282 cm~! displays the almost

complete switching of the helicity of an incident photon at
a lower thickness of the «-MoOs flake, while at a higher
thickness, the degree of helicity switching decreases because
of the interlayer coupling effect. The ARPR study was con-
ducted to confirm the in-plane anisotropy in the Raman modes
of «-MoO; and to distinguish between different types of
Raman modes present in the material. The different values
of Raman anisotropy in Ag modes also classify the exis-
tence of two different kinds of Raman vibrations A3 and Ag
based on the in-plane axial direction of the «-MoOj crystal.
Additionally, Raman optical activity (ROA)¢,;, measure-
ments provide quick information on different axis orientation
Raman modes in the anisotropic «-MoO3 flakes of differ-
ent thicknesses. The distinction of chiral phonon modes in
«-MoOj3 and its in-plane anisotropic nature can assist in the
development of polarization-sensitive photonic devices and
nonlinear optoelectronics.
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