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The Raman tensor of a crystal is the derivative of its
polarizability tensor and is dependent on the symmetries of the crystal and
the Raman-active vibrational mode. The intensity of a particular mode is
determined by the Raman selection rule, which involves the Raman tensor
and the polarization configurations. For anisotropic two-dimensional (2D)
layered crystals, polarized Raman scattering has been used to reveal the
crystalline orientations. However, due to its complicated Raman tensors and
optical birefringence, the polarized Raman scattering of triclinic 2D crystals
has not been well studied yet. Herein, we report the anomalous polarized
Raman scattering of 2D layered triclinic rhenium disulfide (ReS,) and show
a large circular intensity differential (CID) of Raman scattering in ReS, of
different thicknesses. The origin of CID and the anomalous behavior in
polarized Raman scattering were attributed to the appearance of nonzero
off-diagonal Raman tensor elements and the phase factor owing to optical
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birefringence. This can provide a method to identify the vertical orientation of triclinic layered materials. These findings
may help to further understand the Raman scattering process in 2D materials of low symmetry and may indicate important

applications in chiral recognition by using 2D materials.

polarized Raman scattering, circular intensity differential, triclinic, rhenium disulfide, birefringence

aman spectroscopy is a rapid and nondestructive

method to characterize two-dimensional (2D) layered

materials."~* According to the Raman selection rule I o
legR-¢’, the intensity of a Raman-active phonon mode is
determined by the Raman tensor (R) and the polarization
configurations (e, ¢,). For anisotropic 2D layered materials, due
to the reduced in-plane symmetry, the intensities of the Raman-
active modes are polarization-dependent and change periodi-
cally with polarization angle.” " As a result, angle-resolved
polarized Raman scattering has been developed for the
identification of the crystal orientation of anisotropic few-
layered 2D materials.”” Further studies also suggested that the
photon—electron and electron—phonon interactions have to be
taken into account for reliable identification.”""

The polarizability tensor of anisotropic crystals has off-
diagonal elements, and the form of the Raman tensor of a
Raman-active phonon mode depends on the lattice vibrational
symmetry and the symmetry of the crystal.' For example, for
hexagonal crystals such as MoS, (D, P6;/mmc),'"'* the Ay,

mode has the Raman tensor of [” 0] in two dimensions and
showed no polarization-dependence under both parallel and

perpendicular configurations. However, for crystals with
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reduced symmetry, such as orthorhombic black phosphorus
D}, Cmca)®'*"* or monoclinic molybdenum ditelluride,'* the
y

Raman tensor of the Ag mode is [8 S;:I and the angle-

dependent Raman scattering efficiency is given by I} o (u cos®
0 + w sin®> 0)* under parallel polarization configuration
according to the Raman selection rule. Further reducing the
crystal symmetry, one can find the Raman tensor of the A,
[V )
where the off-diagonal elements appear and the Raman tensor
is now defined by three parameters (u, v, w),15 rather than the
single parameter (1) in hexagonal MoS,. As a result, the angle-
resolved polarized Raman scattering of triclinic 2D materials is
more difficult to predict. Furthermore, due to the anisotropic
optical properties in 2D materials of low symmetry, including
the optical absorption and birefringence, the polarization states
of the incident and scattered light can be altered after passing
through the samples, particularly if the sample is relatively thick.

mode in triclinic crystals such as ReS, (C, PI), R =
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Figure 1. (a) Schematic of the angle-resolved polarized Raman spectroscopy. The inset is the top view of the ReS, crystal structure. (b)
Optical image of the ReS, sample. @ is defined as the angle between the b-axis of ReS, and the incident polarization. (c) Corresponding atomic
force micrograph (AFM) of the ReS, sample. (d) Raman spectra of the ReS, sample with different rotation angles under 514.5 nm laser

excitation.

Although the optical effects have been studied in orthorhombic
BP,'® it is more complex for biaxial triclinic crystals and may
lead to exceptional behavior in Raman scattering.

Since its discovery as a 2D layered transition metal
dichalcogenide, ReS, has attracted much attention in recent
years owing to its crystal structure and strong in-plane
anisotropy in electrical and optical properties, such as electrical
transport,'”'* optoelectronic response,” photoluminescence,”’
optical absorption,'” and Raman scattering."”'*'~** ReS, has a
distorted 1T phase with triclinic symmetry.”**> The polarized
Raman spectra of ReS, have been measured and used to
identify the direction of Re—Re chains;*' however, the
systematical study of polarized Raman scattering in ReS, has
not been performed yet.

Herein, we report the anomalous polarized Raman scattering
of layered triclinic ReS,. Due to the appearance of nonzero off-
diagonal elements of the Raman tensor and optical
birefringence effect, the polar plots of angle-resolved polarized
Raman spectra showed twisted butterfly-like patterns, and the
direction of the maxima of mode V (212 cm™) showed
significant deviation from the b-axis of ReS,. This phenomenon
was explained by using the model of Raman scattering
efficiency taking into account the nonzero Raman tensor
elements and the modulation of the polarization states of
incident and scattered light by the Jones matrix. More
importantly, upon excitation by a circularly polarized laser,
the ReS, flakes showed significantly different response to
different circularly polarized laser excitation. The circular
intensity differential (CID) in ReS, was on the order of 107"
The large CID can provide a method to identify the vertical
orientation of triclinic layered materials. These findings not
only suggested a general physical model to describe the
polarized Raman scattering of anisotropic 2D layered materials
but also indicated the possibility of chiral recognition using 2D
layered materials.

RESULTS AND DISCUSSION

Figure la illustrates the optical layout of the angle-resolved
polarized Raman scattering measurements. As shown in the
scheme, the polarization of the incident laser was selected by
the polarizer, and an analyzer was placed in front of the
detector. The polarization configuration can be set as either
parallel or cross by rotating the analyzer. The polarized Raman
spectra were recorded in a backscattering geometry at different
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rotation angles of the sample. The crystal structure of ReS, is
shown in the inset of Figure la. The zigzag chain of Re—Re
bonds is defined as the b-axis of the crystal."****® Figure 1b
shows the optical image of a few-layered ReS, sample
mechanically exfoliated on a 300 nm SiO,/Si substrate. The
clear and sharp ed%es of exfoliated ReS, have been proven to be
along the b-axis.">*! In Figure 1b, the b-axis is defined as the x
direction in the experimental coordinate, the y direction is
perpendicular to the b-axis, and @ is the angle between the
directions of the b-axis and the incident polarization.

According to the group theory, bulk ReS, belongs to the C;
point group and PT space group (Figure S1). Because of the
Re, parallelogram, there are 12 atoms in a ReS, unit cell, so it
has 36 phonon modes including 18 A, modes and 18 A, modes.
All the A, modes are Raman-active, and the 18 A, modes
include 15 infrared-active modes and three acoustic A,
modes.”> All the modes are detectable, and the Raman
peaks appear in the range of 100—450 cm™" (Figure S2). The
six peaks below 250 cm™, including 137.9 cm™' (defined as
mode I), 143.3 cm™ (mode II), 150.7 cm™" (mode III), 161.0
cm™! (mode IV), 212.8 cm™! (mode V), and 234.7 cm™! (mode
VI), are assigned to the lattice vibrations related to the motion
of Re atoms. In this work, we focus on the typical Raman peaks
below 250 cm™ because of their high intensities, which were
usually used to characterize 2D ReS, samples via CVD
growth.”” =%

Figure lc shows the AFM image of the sample with 7 and
16.5 nm thickness at different areas. The polarized Raman
spectra were measured in the area highlighted by the red
square. Figure 1d shows the Raman spectra of ReS, at different
rotation angles under parallel polarization configuration. 0° is
an arbitrary angle corresponding to the sample position shown
in Figure 1b. It is seen that the intensities of all the Raman-
active modes changed periodically with the rotation angle,
showing a period of 180°, but their maxima corresponding to
different rotation angles. According to the classical Raman
selection rules,”''* the Raman intensity is proportional to le
R-el*, where ¢; and e, represent the unit vectors of the incident
and scattered electric fields, respectively, and can be expressed
by Jones vectors.”® Under parallel configuration, ¢, = ¢, = [cos
sin 0]. R is the second-rank polarizability tensor of the Raman-
active mode, the so-called Raman tensor.'” ReS, belongs to the
triclinic crystal system, and the Raman tensor of the A, mode is
described as

DOI: 10.1021/acsnano.7b05321
ACS Nano 2017, 11, 10366—10372


http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b05321/suppl_file/nn7b05321_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b05321/suppl_file/nn7b05321_si_001.pdf
http://dx.doi.org/10.1021/acsnano.7b05321

@ Mode VI

@ Mode VI

ACS Nano
(a)
Tl
e
49
12 ° e 5145nm
(d) 1.14 ? 632:8nm

180 270 360 ) 90 180 270 360
(5] [}

90

Figure 2. (a) Schematic of the optical birefringence effect, where 0 is the sample rotation angle and § is the phase delay due to the
birefringence. (b, c) Angle-resolved polarized Raman spectra of mode VI under 514.5 nm laser and parallel configuration. The dots are
experimental data. The solid line is the best fit to the data using eq 1 (b) and eq 3 (c). (d) Angle-resolved polarized absorption spectra of a
ReS, flake on fused silica substrate under 514.5 and 632.8 nm laser excitation. (e, f) Angle-resolved polarized Raman spectra of mode VI
under 632.8 nm laser excitation and parallel configuration. The dots are experimental data. The solid line is the best fit to the data using eq 1

(e) and eq 3 (f).

u v
r=[} ]
vow
in two dimensions.'®> The angular dependence of the Raman

intensity of ReS, under parallel polarization configuration can
then be written as

Iy o (u cos® @ + 2v cos 0 sin @ + w sin” 0)* (1)

where the periodicity can be found from the maxima and
minima at angles defined by the absolute values of the tensor
elements (u, v, w).

The anomalous polarized Raman spectra have been observed
in black phosphorus and have been interpreted by the
modulation of either the Raman tensor or the electric
fields.”'® Considering the absorptive nature of the material,
complex Raman tensor elements with imaginary parts, which
account for the optical absorption, were introduced to explain
the anomalous polarized Raman scattering.”® Considering the
optical birefringence effect of the anisotropic crystal, the
electrical fields of the incident and scattered light are expected
to be altered, and the anomalous behavior can be explained by
the modulation of the electric fields."® In this work, we
considered the impacts of both optical absorption and
birefringence effects in our model. We compared the angle-
resolved polarized Raman spectra of ReS, with the same sample
thickness on a 300 nm SiO,/Si substrate and 1 mm fused silica
substrate, as shown in S4 to prove that the anisotropic
interference enhancement is not the key factor of anomalous
polarization dependence. A detailed discussion of these two
effects under both parallel and cross-polarization configurations
is given in SS and S6 in the Supporting Information.

Considering the change of the polarization states by the
anisotropic materials (Figure 2a), the Jones matrix was
introduced to modify the electric fields:

where 6 is the phase factor representing the difference between
the components polarized along the b-axis and perpendicular
direction.”® The Raman intensity collected in the backscattering
geometry should be expressed as

I leqJ-RJ-¢f )

Under parallel polarization configuration, the angular
dependence of the Raman intensity of ReS, was then modified
as

I u® cos* 0 + w” sin* 0 + 4v* cos® 0 sin> 0
+ 2uw cos 28 cos® @ sin® @ + 4uv cos & cos’ @ sin 0

+ 4vw cos & cos @ sin> 0 (3)

Figure 2b show the experimental data of the angular
dependence of the Raman intensities of ReS,, which were
recorded with 514.5 nm laser excitation under parallel
polarization configuration. The solid curve is the fitting results
using eq 1 without the consideration of the optical
birefringence. Obviously, the experimental results can not be
well fitted, especially the secondary minima values. However, by
using eq 3, the experimental data can be nicely fitted, as shown
in Figure 2c.

The phase delay due to optical birefringence is directly
related to the difference in the wavelength-dependent refractive
indices (An) along the slow and fast axes. Since the optical
absorption is also related to the refractive index, we measured
the anisotropic absorption of a ReS, sample using white light
on fused silica as shown in Figure S4. Figure 2d shows the
absorbance of 514.5 and 632.8 nm as a function of the angle
between the polarization of the analyzer and the b-axis of ReS,.
Obviously, the absorption of this ReS, flake had a maximum
when the polarization of the analyzer was parallel to the b-axis
and had a minimum when the polarization was perpendicular.
The ratio of maximum to minimum, defined as A, /A, ., was
about 1.2 for 514.5 nm, while it reached 1.5 for 632.8 nm.
Apparently, the optical anisotropy is more obvious under 632.8

DOI: 10.1021/acsnano.7b05321
ACS Nano 2017, 11, 10366—10372


http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b05321/suppl_file/nn7b05321_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b05321/suppl_file/nn7b05321_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b05321/suppl_file/nn7b05321_si_001.pdf
http://dx.doi.org/10.1021/acsnano.7b05321

ACS Nano
R O OO <
(@) Q7. VA7 VA
| A" A" g
V‘\ ‘,\‘\T,, < ‘-’_,\“\:T_ <
S hraxis. v u v
7 WA ALY vow
I e
< L* \* $

514.5 nm

U

632.8 nm .

210 150 210

180

Mode V (3 nm)

Mode V (16.5 nm)

90 270

90 270

150 210 150

Mode V (32 nm)

Figure 3. (a) Schematic of the method of identifying the crystalline orientation by angle-resolved polarized Raman spectra without
considering the birefringence effect. (b) Schematic of the failure of identifying the crystalline orientation by angle-resolved polarized Raman
spectra considering the birefringence effect. Polar plots of angle-resolved polarized Raman scattering intensities of mode V under 514.5 nm
(c—e) and 632.8 nm (f—h) with a thickness of 3 nm (c, ), 16.5 nm (d, g), and 32 nm (e, h).

nm wavelength excitation. The corresponding Raman inten-
sities of the 234.7 cm™' peak (mode VI) and the curve fitting
using eq 1 and eq 3 are shown in Figure 2e and f, respectively.
The deviation of the curve fitting using eq 1, without
considering the birefringence effect, is larger, and again, eq 3
can fit the experimental data well (Figure 2f).

For a more systematical study, angle-resolved polarized
Raman scattering characterization was also performed on ReS,
samples of different thickness using different excitation
wavelengths. The polar plots of the peak intensities with
different thickness are shown in Tables S1 and S2. It is notable
that the polar plots showed propeller-shaped patterns. The
angle difference between the maximum and the secondary
maximum can deviate from 90°. This is due to the appearance
of the nonzero Raman tensor element v and the phase delay
factor (eqs 1—3 (SI Section 5)), in particular, the product of v
cos 9, leading to the complicated angle dependence of the
Raman scattering efficiency (eq 3). The phase shift (5) is
27 And

A
difference of refractive index, d is the thickness of the ReS,

flake, and A is the laser wavelength; so with the thickness
increasing, the birefringence effect would be more significant.
However, the Raman tensor elements also change with

correlated to the sample thickness: § = , where An is the
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thickness,”® so the thickness dependence of the polarized
Raman scattering feature is a net result of both the phase shift
and the change of Raman tensor elements.

The quantum interpretation of the Raman selection rule is
given by

B (fIVIm" ) (m' | Hy_ pylm)(mI Vi)
= Z (EL - AEmi)(EL - hwv - AEm’i)

i,mm’

where (mlVli) and (fIVIm’) correspond to the electron—
photon interaction in optical absorption and emission processes
and (m'lHg_yulm) corresponds to the electron—phonon
interaction.”’ The polarization dependence of the photon—
electron and electron—photon interactions is determined by the
symmetry of the optical transitions.”'® Previous studies have
shown that the electron—phonon interaction is also anisotropic,
so that the net result is the product of all three items.>" Since all
the Raman modes of ReS, belong to A, the vibrational
symmetry of lattice atoms should be the same for all the Raman
modes, indicating the same form of electron—photon
interaction. However, the different polar patterns of the
modes strongly suggest the different interaction of electrons
with phonons of the same symmetry.
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Figure 4. Raman spectra of ReS, flakes under left-handed circularly polarized laser (LCP) and right-handed circularly polarized laser (RCP)
excitation at 514.5 nm with 16.5 nm thickness (a), 32 nm thickness (b), 60 nm thickness (d), and 80 nm thickness (e) on a SiO,/Si substrate.
Raman spectra of ReS, flake under LCP and RCP excitation with “upward” vertical orientation (c) and “downward” vertical orientation (f).

The identification of the crystalline axis of ReS, using angle-
resolved polarized Raman scattering has been reported recently.
The mode V (212 cm™') was used to identify the b-axis of
mono- to few-layer ReS, flakes with 532 nm laser wavelength
excitation.'>*' However, care should be taken when the
thickness of ReS, is increased and other wavelengths are
used. Figure 3c—h show the polar patterns of the intensities of
the 212 cm™ (mode V) peak under 514.5 and 632.8 nm
excitations, respectively. The b-axis was identified according to
the cleavage edge of the sample and was set to 0°. Under 514.5
nm laser excitation, the angle of the maximal Raman intensity
was almost coincident with the b-axis for all thicknesses, with a
negligible deviation of 3°. However, the optical anisotropy is
much more obvious under 632.8 nm laser excitation. With the
thickness increasing, the phase shift is larger, and the Raman
tensor elements have been also changed; so the maximal
Raman intensity and the maximum angle are quite different.
For the 3 nm thick sample, the angle of the maximal intensity
was close to the b-axis. Owing to the more significant
birefringence effect, the angles of maximal Raman intensity
deviate from the b-axis apparently with the thickness increasing.
With a thickness of 16.5 nm, there was a 20° deviation between
the angle of the maximal Raman intensity and the b-axis and a
22° deviation with 32 nm, and the deviations were too large to
be ignored. This behavior is owing to the nonzero off-diagonal
Raman tensor and the phase delay. Unlike BP, the maximum
angles of which are always located at the armchair or zigzag
direction regardless of the sample thickness and the excitation
laser wavelength, the maximum angles of ReS, flakes deviated
significantly from the crystalline axis with different sample
thicknesses and excitation laser wavelengths.

More interestingly, due to the appearance of nonzero oft-
diagonal Raman tensor element v and the existence of phase
factor 9, layered ReS, showed distinctly different Raman spectra
under excitation of a circularly polarized laser of left- and right-
handedness. Figure 4a and b show the Raman spectra of ReS,
of different thicknesses of 16.5 nm (a) and 32 nm (b) under
514.5 nm excitation of left-handed and right-handed circular
polarization, respectively. The Raman intensities of modes I, II,
and V were much larger under excitation by a left circularly
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polarized laser than by a right circularly polarized laser. For
mode IV, the Raman intensities were larger under right
circularly polarized laser excitation. This behavior can be
explained by the Raman tensor and the optical anisotropy. The
right-handed polarized light can be represented by a Jones

vector as g[l —i], and the left-handed rotation light can be

represented as %[1 i]. The circularly polarized light also

suffers from the birefringence effect, and the Raman intensities
are related to IJ ‘R-J-e/’. The Raman intensity under right
circularly polarized light can be expressed as

1 1
Po =+ v+ =w +v(u+w)sind
2 2 (4)
and the Raman intensity under left circularly polarized light is
L1 2, 1 .
I"ox —u” +v°+ —w” — v(u + w) sin §
2 2 (%)

The circular intensity differential is defined as the ratio A of
the difference of the Raman scattered intensities in right and
left circularly polarized incident light:

_ ) o _ 2v(u + w) sin &
I S (6)

According to eq 6, we see that the intensities are different if v(u
+ w) sin § is nonzero, which means that the spectral response
to circular polarization excitation requires the existence of the
nonzero off-diagonal element and the optical anisotropy
defined by the birefringence effect, that is, the phase factor o.
The magnitude of the difference depends on the values of u, w,
v, and sin 6, which differ for different Raman modes. The
nonzero ¢ is only possible for anisotropic materials including
orthorhombic, monoclinic, and triclinic crystals, and the
nonzero v(u + w) holds for the A, mode of triclinic crystals
and the monodlinic crystals.

It has been reported that layered ReS, has two vertical
orientations.”” With the “upward” orientation, the Raman

. Tu v . . . .
tensor is [ v w]' while with “downward” orientation, a rotation
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of 180° about the b-axis changes the Raman tensor from
[u v “ ;v] The CID of Raman scattering in ReS,

e R

flakes with the “downward” vertical orientation is expressed as
-1
IO

—2v(u + w) sin &

A=
u? + 207 + w?

7)

which is opposite of the ReS, flakes with the “upward” vertical
orientation. To show the effect of the vertical orientation, the
ReS, flakes were exfoliated on a transparent substrate, so the
Raman spectra can be detected for the two different vertical
orientations by flipping the sample. The optical microscopic
images of the two vertical orientations are shown in Figure S12.
As shown in Figure 4c, with the “upward” orientation, the
Raman modes under different circularly polarized lasers showed
the same tendency as the 16.5 nm thickness. When the sample
was turned over, for modes I, I, and V, the Raman intensities
were larger under right circularly polarized light, and for mode
VI, the Raman intensities were larger under left circularly
polarized light. The result of the “downward” orientation is
opposite of the “upward” orientation. This phenomenon is
strongly in accordance with our above analysis.

In Figure 4d and e, the circularly polarized Raman spectra of
ReS, flakes with 60 and 80 nm sample thickness. The behaviors
are coincident with the “downward” orientation, so the vertical
orientation of these flakes can be determined. The value of CID
in Raman scattering also changed with sample thickness (CID
values of all the Raman modes are shown in Table S3 in the SI).
Taking mode I as an example, the absolute values of CID were
0.82, 0.82, 0.76, and 0.65 with 16.5, 32, 60, and 80 nm sample
thickness, respectively. This behavior is caused by the different
phase shifts and the change of the Raman tensor elements.
However, the CID is not monotonic with sample thickness
increasing, because both the Raman tensor elements and the
phase shifts are functions of thickness. For comparison, we also
measured the circularly polarized Raman spectra of a black
phosphorus flake as shown in Figure S15. As expected, due to
the lack of nonzero off-diagonal Raman tensor elements, the BP
flakes showed the same Raman spectra excited by the different
circularly polarized light.

The Raman spectral difference, Iy — I;, was shown in Figure
S13. These spectra are analogous to what is known on Raman
optical activity,”*® which measures the vibrational optical
activity of chiral molecules. Nevertheless, the Raman CID in
our observation is on the order of 107!, and such a high value
has never been reported in the ROA of chiral molecules nor in
chiral-selected surface-enhanced Raman scattering®>** and may
indicate potential application of chiral recognition of molecules
if charge interactions between the molecules and ReS, could
occur and modulate the Raman polarizability.

CONCLUSIONS

We measured the angle-resolved polarized Raman spectra of
triclinic ReS, flakes with different thickness under 514.5 and
632.8 nm laser wavelength excitation. The polarization
dependence of ReS, flakes deviated from the conventional
Raman selection rule. This was attributed to the existence of
nonzero off-diagonal Raman tensor elements due to the triclinic
symmetry and the phase factor 6 due to the optical anisotropy.
Furthermore, circularly polarized Raman scattering was also
performed on ReS,, and a significant CID of Raman scattering
was observed. As a comparison, no Raman CID was observed
on orthorhombic BP samples. The large CID provides a
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method to identify the vertical orientation of triclinic 2D
materials. These findings may indicate potential applications in
chiral recognition of molecules using 2D materials.

METHODS

Sample Preparation and Characterization. The ReS, samples
were prepared by mechanical exfoliation from bulk ReS, crystals (2D
Semiconductiong) on 300 nm SiO,/Si and 1 mm fused silica
substrates. An optical microscope (BX51) was used to find ReS, flakes
on the substrate. The thickness of the ReS, was determined by an
atomic force microscope (AFM, ICON).

Polarized Raman Measurements. Polarized Raman spectra were
measured using a JY Horiba HR800 with 514.5 and 632.8 nm lasers. A
100X objective lens (0.9 NA) was used to focus the laser and collect
the Raman scattered light, and a 1800 lines/mm grating was chosen
for spectra acquisition. The laser power was below 100 yW to avoid
damage to the ReS, samples. Polarizers I and II were used to select the
parallel or cross-polarization configuration (Figure 1a). A quarter-wave
plate was placed in the incident light path to obtain a circularly
polarized laser, and no analyzer polarizer was used in the collection
light path (Figure S10).

Polarized Absorption Measurements. The absorption of the
ReS, flakes was measured in transmission mode using a Witec
RSA300+ optical microscope. The ReS, flakes were illuminated by a
KL 1500 halogen lamp (Zeiss). A 100X objective lens was used to
focus the incident light, and a 60X objective lens was used to collect
the signal. A polarizer before the spectrometer was used to select the
collection polarization. Rotating the polarization angle of the polarizer,
we obtained the angle-resolved absorption. The absorbance (A) was
calculated as A = In(Iy/I). I is the light intensity transmitted through
the ReS, flake, and I, is the light intensity transmitted through the
fused silica substrate.
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