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Abstract

We present polarized Raman spectroscopy of the topological semimetal

Co3Sn2S2, which was recently shown to host a Weyl semimetal phase. Stokes

Raman spectra were obtained with the incident light parallel to the c-axis of

Co3Sn2S2. Two major phonon Raman peaks were observed at 289 and

386 cm�1 over continuous background emission signals. The intensity of the

low-wavenumber (289 cm�1) peak showed no polarization dependence. The

high-wavenumber (386 cm�1) peak and the continuous background signal

were strongly polarized in the incident light polarization direction. These

responses were almost independent of the in-plane crystal orientation to the

incident polarization, as is the manifestation of the D3d point group symmetry

of the unit cell of Co3Sn2S2. According to the group theory and Raman tensor

analyses, the low- and high-wavenumber Raman signals are attributed to Γ
point phonon modes with Eg and A1g symmetries, respectively. Furthermore,

line shape analyses revealed that the high-wavenumber A1g mode exhibited

asymmetric peak feature well described by the Breit–Wigner–Fano function.

These results suggest the Fano resonance between the A1g phonon scattering

with the continuous electronic background associated with low energy excita-

tions near the Fermi energy. The clarified phonon energies and symmetries, as

well as the electronic contribution to the Raman scattering, will not only be

useful as a fingerprint to readily verify the experimentally grown or theoreti-

cally calculated crystal structure but also suggest importance of Raman spec-

troscopy as an effective tool to study low energy excitations and their

interactions in Co3Sn2S2.

KEYWORD S

electronic Raman scattering, phonon, polarized Raman spectroscopy, topological material,
Weyl semimetal

Received: 17 March 2022 Revised: 2 October 2022 Accepted: 3 October 2022

DOI: 10.1002/jrs.6459

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any

medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

© 2022 The Authors. Journal of Raman Spectroscopy published by John Wiley & Sons Ltd.

J Raman Spectrosc. 2023;54:93–100. wileyonlinelibrary.com/journal/jrs 93

https://orcid.org/0000-0001-6973-2005
https://orcid.org/0000-0001-6439-8546
https://orcid.org/0000-0002-0945-0265
mailto:miyauchi@iae.kyoto-u.ac.jp
https://doi.org/10.1002/jrs.6459
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://wileyonlinelibrary.com/journal/jrs
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fjrs.6459&domain=pdf&date_stamp=2022-10-17


1 | INTRODUCTION

Weyl semimetals[1–8] have recently attracted much atten-
tion because of the unique physical phenomena they dis-
play due to their topological electronic band structures.
Weyl semimetals host low-energy collective excitations
behaving as massless Weyl fermions that emerge near
the Weyl points in a three-dimensional momentum
space, where the conduction and valence bands with
linear dispersion touch.[1–3,9–11] Weyl points always exist
as a pair with opposite chirality functioning as the
source or sink of the Berry curvature flux field and
behave in momentum space as a monopole or anti-
monopole of an effective magnetic field. A ternary ferro-
magnetic compound Co3Sn2S2 has recently been identi-
fied as a magnetic topological semimetal that can host a
Weyl semimetal phase using angle-resolved photoemis-
sion spectroscopy.[12,13] It has only three pairs of Weyl
points arising from their broken time-reversal symmetry
under preserved spatial inversion symmetry; the simple
arrangement of the small number of type-I Weyl points
provides an excellent platform for exploring Weyl
fermion physics. Co3Sn2S2 has been experimentally
shown to exhibit a variety of intriguing physical
properties and phenomena, including surface states with
Fermi arc,[12–14] the anomalous Hall effect,[15–19] surface-
localized one-dimensional chiral edge states,[20] Nernst
effect,[21,22] exotic physical phenomena arising from their
unique magnetism,[23–30] and efficient water oxida-
tion.[31] Vacancy-modulated Co3Sn2S2 was also proposed
as an attractive candidate cathode material for aqueous
Zn-ion batteries.[32] Thin films of Co3Sn2S2 yet have a
surface state reflecting Weyl features,[33,34] which may
facilitate observation of a quantum anomalous Hall
effect.[35] Co3Sn2S2 has also been proposed as a promis-
ing candidate material to observe strong current-induced
second harmonic generation.[36]

In contrast to the intensively studied electronic prop-
erties, as for Raman scattering of Co3Sn2S2, experimen-
tal studies in the literature have still been limited.
Although Raman spectra of Co3Sn2S2-carbon nano
onion composite[37] and Co3Sn1.8S2 powders[32] have
been reported, the fundamental Raman features of
a single crystalline Co3Sn2S2 have yet to be clarified
experimentally. Here, we provide polarized Raman spec-
troscopy on a single crystal of Co3Sn2S2. We observed
two major Raman peaks of Γ point phonon modes
showing different polarization dependence from each
other, over continuous background emission signals that
also showed clear polarization dependence. We assigned
the symmetries of the two major phonon Raman modes
based on the group theory and Raman tensor analyses.
Moreover, we found that one of the two phonon Raman

peaks shows an asymmetric line-shape well fitted by the
Breit–Wigner–Fano function, suggesting the Fano inter-
ference between the discrete phonon scattering and the
continuous background; from this observation, the con-
tinuous background emission signals were attributed to
electronic Raman scattering associated with low energy
excitations near the Fermi energy, rather than hot lumi-
nescence or other extrinsic effects. The fundamental
phonon and electronic Raman features of Co3Sn2S2 clar-
ified in this study are useful as a fingerprint for the
quick experimental identification of the crystal struc-
ture. Moreover, the results suggest that Raman spectros-
copy is an effective tool to study low energy electronic
excitations and their interactions with phonons in
Co3Sn2S2.

2 | EXPERIMENTAL METHODS

According to a previous report, single crystals of
Co3Sn2S2 were grown by a self-flux method.[13] The raw
material powders were mixed with a stoichiometric ratio
of Co:Sn:S = 3:2:2, and the mixed powder placed in a
quartz tube was heated to 1000�C over 48 h in a vacuum
and held for 24 h. Then, the samples were cooled to
600�C for 168 h and held at 600�C for 24 h. The obtained
sample included crystals of Co3Sn2S2 with gray color. The
crystals typically had a hexagonal shape with a flat sur-
face as shown in Figure 1a. The typical thickness of the
crystals ranged from several tens to 200 μm. The compo-
sition of the as-grown crystals was confirmed using
energy-dispersive X-ray spectroscopy, and then the crys-
tal structure was confirmed using X-ray diffraction
(XRD) analysis. A single crystal was mounted with min-
eral oil on a MiTeGen MicroMounts and transferred to
the kappa goniometer of an XRD spectrometer (RIGAKU
XtaLAB Synergy-S system with 1.2-kW MicroMax-007HF
microfocus rotating anode (Graphite-monochromated
Mo Kα radiation [λ = 0.71073 Å]) and HyPix-6000HE
hybrid photon-counting detector). Cell parameters were
determined and refined, and raw frame data were inte-
grated using CrysAlisPro (Agilent Technologies, 2010).
The structures were solved by direct methods with
SHELXT[39] and refined using full-matrix least-squares
techniques against F2 (SHELXL-2018/3)[40] by using the
Olex2 software package.[41] The intensities were corrected
for Lorentz and polarization effects.

Unpolarized and polarized Raman spectroscopy was
performed in the backscattering configuration using a
commercial Raman microscope (inVia confocal Raman
microscope; Renishaw, Wotton-under-Edge, UK) and a
home-made optical setup, respectively. For unpolarized
spectroscopy, the Raman signals were measured using a
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�100 objective lens with a numerical aperture (N.A.) of
0.9 under illumination of a 532-nm continuous-wave
(CW) laser for the resonant excitation. The exposure time
was set from 20 to 3600 s depending on the excitation
laser power. For polarized Raman spectroscopy, a �50
objective lens with N.A. = 0.42 was used for excitation
and detection. The light source was a linear-polarized
532-nm CW laser with a power of 800 μW, which was
within the linear response regime. The exposure time
was 1200 s. The analyzer to resolve the polarization of
the scattered photons was set behind an edge filter with a
cutoff wavelength of 532-nm, and the scattered photons
were detected using a spectrometer (Princeton Instru-
ments, Acton SP2500) equipped with a nitrogen-cooled
charged-coupled device camera (Princeton Instruments,
Spec-10:400BReXII). The polarization-dependent detec-
tion sensitivity was corrected using unpolarized lumines-
cent light. In polarized Raman spectroscopy, the sample
was set on an automated sample rotation stage with a
centering mechanism that allows the excitation of the
identical spot on the single crystal for any sample rota-
tion angles.

3 | RESULTS AND DISCUSSION

Figure 1b shows the XRD pattern of the single crystal,
which shows some Bragg peaks reflecting each lattice
plane. Figure 1c shows a schematic of the unit cell as
determined using the results of XRD spectroscopy. The
crystal structure has trigonal-trapezohedron symmetry of
space-group R3m (No. 166) with the dihedral point group
D3d; it is composed of a Co3Sn layer sandwiched between
S and Sn atoms along the c-axis, and Co atoms form a
Kagome network in each a–b plane (Figure 1d), which is
consistent with the reported structure of Co3Sn2S2 in the
literature.[42]

Figure 2 shows a typical unpolarized Raman spec-
trum of a Co3Sn2S2 single crystal with an excitation
power of 27 μW in the range of 150–1130 cm�1. Two
sharp peaks were observed at 289 and 386 cm�1 over con-
tinuous background emission signals. These two peaks
were also observed under 488-nm laser excitation (see
Figure S1). The inset shows excitation power dependence
of the wavenumbers of these two peak features. The red-
shifts of the peaks with increasing excitation power are

FIGURE 1 (a) Microscope image

of a typical single crystal of Co3Sn2S2.

(b) X-ray diffraction (XRD) pattern of a

single crystal of Co3Sn2S2. (c) The XRD

data determine a unit cell of a single

crystal of Co3Sn2S2. Number of the Co,

Sn, and S atoms within the volume

outlined by the black lines indicating

the unit cell boundary are counted as

three, two, and two, respectively.

(d) Crystal structure of Co3Sn2S2
viewed along c-axis. Cristal structures

are drawn using VESTA.[38] [Colour

figure can be viewed at

wileyonlinelibrary.com]
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presumably attributed to the softening of phonon modes
due to increasing temperature or the modification in the
Kohn anomaly effect[43–45] induced by the change in the
electron occupancy near the Fermi energy characteristic
in semimetals. We found that the wavenumbers were
almost constant in the excitation power range below
approximately 40 μW, as they indicate that the spectrum
shown in Figure 2 was measured under weak excitation
conditions where the laser-induced heating or other
high-density effects were insignificant, and thus, the
wavenumbers of 289 and 386 cm�1 can be regarded as
the ones near room temperature.

The fundamental Raman-active phonon modes are
optical at Γ point in the Brillouin zone. In the case of the
Co3Sn2S2 unit cell with the D3d point group, the seven
atoms per unit cell yield 21 phonon modes at the Γ point
as Γvib ¼A1gþEgþ6A2uþ6Eu, among which the
Raman-active modes are non-degenerate A1g and
doubly-degenerated Eg modes, respectively (see Support-
ing Information S1 for the details of the symmetry analy-
sis). These Raman-active modes could exhibit two one-
phonon Raman peaks, consistent with the experimental
observation shown in Figure 2. To further assign the sym-
metries of the two observed modes, we can use the fact
that these Raman peaks should show different polariza-
tion dependence, owing to the difference in the Raman
tensors R for these phonon modes[46] in the forms,

R A1g
� �¼

a 0 0

0 a 0

0 0 b

0
BB@

1
CCA,

R Eg
� �¼

c 0 0

0 �c d

0 d 0

0
BB@

1
CCA,

0 �c �d

�c 0 0

�d 0 0

0
BB@

1
CCA,

ð1Þ

where a, b, c, d are constants. The Raman scattering
intensity (IRaman) is proportional to the product of R for
each mode with the incident (ei) and scattered (es) pho-
ton polarization vectors as

IRaman / ei �R �esj j2: ð2Þ

We are using Equations (1) and (2), the polarization
dependence of each mode can be predicted.

Let us now set the experimental coordinate so that
the incident light travels along the z-axis coincident with
the c-axis of the crystal, as shown in Figure 3a. Then the
polarization vectors are expressed as ei ¼ cos θi, sin θi, 0ð Þ
and es ¼ cos θs, sin θs, 0ð Þ, where θi and θs are the azi-
muthal angles of the incident and scattered polarizations,
respectively. When θi ¼ θs (hereafter, referred to as VV,
which corresponds to Z XXð ÞZ configuration in Porto's
notation when θi ¼ θs ¼ 0), Equations (1) and (2) immedi-
ately results in IVVRaman A1g

� �/ a2, which is independent of
the sample rotation angle θ (¼ θi) around the c-axis. With
regard to the Eg modes, the net Raman intensity is
obtained as a sum of the responses of the two degenerate
modes as IVVRaman Eg

� �/ c2 cos22θþ sin22θ
� �¼ c2, which is

also independent of θ. Thus, for the VV configuration,
both A1g and Eg peaks can exhibit finite Raman scattering
intensity and are predicted to show Raman scattering
independently of the crystal angle θ. In contrast, when
ei ⊥ es, namely, θs ¼ θi�π=2 (hereafter, referred to as
VH, which corresponds to Z XYð ÞZ configuration in
Porto's notation when θs ¼ 0 and θi�π=2), the responses
of the A1g and Eg modes show a distinctive difference;
IVHRaman A1g

� �¼ 0 and IVHRaman Eg
� �/ c2 are obtained using

Equations (1) and (2). Therefore, the responses for the
VH configuration should show only the Eg mode peak
with no sample angle dependence, which is the critical
difference to be used to distinguish the Raman peaks of
the A1g and Eg modes.

According to the above predictions, we performed
polarized Raman spectroscopy under the VV and VH
configurations as shown in Figure 3a to assign the pho-
non symmetries corresponding to the observed Raman
peaks. For the VV and VH measurements, the orientation
of the analyzer was set parallel and perpendicular to the

FIGURE 2 Raman scattering spectrum of a single crystal of

Co3Sn2S2. The excitation power, exposure time, and excitation spot

size were 27 μW, 1800 s, and 1.0 μm, respectively. The spectrum

was plotted after subtracting the equipment-derived background

signals mainly owing to the thermal and electronic noise of the

detection system. The inset shows excitation power dependence of

the wavenumbers of the low-wavenumber peak (red circles) and

the high-wavenumber peak (blue squares). The dotted curves are

guides to the eye. [Colour figure can be viewed at

wileyonlinelibrary.com]
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incident light polarization, respectively. Figure 3b com-
pares typical Raman spectra in the VV and VH configura-
tions. Only the low-wavenumber peak was observed in
the VH configuration, while both the low- and high-
wavenumber peaks were observed in the VV configura-
tion. In addition, the continuous background signal
intensity also depended on the detection configuration;

the intensity for the VV configuration was much higher
than that in the VH configuration.

The Raman spectra in VV and VH configurations
were also measured while rotating the sample with a
rotation step of 10�. As shown in Figure 4, intensities of
the two peaks (a–d) and the continuous background sig-
nals (e) showed no-rotation-angle dependence; these
results confirm that the missing of the high-wavenumber
peak for the VH configuration is not due to the sample
angle dependence but surely originates from the differ-
ence in the response under the VV and VH configura-
tions as predicted by the group theory and Raman tensor
analysis. By comparing these observations with the pre-
diction of the missing A1g mode peak only for the VH
configuration, the low- (289 cm�1) and high-wavenumber
(386 cm�1) peaks are unambiguously attributed to Eg and
A1g phonon modes, respectively. With regard to the abso-
lute values of these phonon energies, Xu et al.[47] recently
reported the phonon dispersion relation in Co3Sn2S2
based on ab-initio calculation and doubly degenerate
modes at approximately 35–40meV and non-degenerate
modes at approximately 45–50meV were found at the Γ
point. On the other hand, the experimental results in this
study showed degenerate Eg mode at 289 cm�1

(�36meV) and non-degenerate A1g phonon mode at
386 cm�1 (�48meV). Therefore, the observed phonon
energies are consistent with the theoretically predicted
ones in Co3Sn2S2 at the Γ point.

For further analysis, we examined the spectral line-
shapes of the Eg and A1g peaks as shown in left panels in
Figure 4a–c. We found that only the A1g peak has asym-
metric line-shape that can be well described by the Breit–
Wiger–Fano (BWF) function.[48–51]

I ωð Þ¼ I0
1þ s ωð Þ

q

� �2

1þ s ωð Þ2 , ð3Þ

where s ωð Þ¼ ω�ω0ð Þ=Γ. By fitting procedure, we
obtained the values of the constant q=�7.91 for the A1g

mode and q= 548 for the Eg mode, respectively. As the
absolute value of 1/q corresponds to the degree of asym-
metry, the low-wavenumber Eg mode with 1/q<0.002 is
almost symmetric and could be well fitted using a sym-
metric Lorentzian function. The BWF line-shape of the
A1g mode suggests that there exists the Fano interfer-
ence[52] between the A1g phonon scattering and the con-
tinuous background component showing the similar
polarization dependence to the A1g phonon Raman scat-
tering. These results suggest that the origin of the
polarization-dependent continuous background could be
intrinsic electronic Raman scattering associated with the
low energy electronic excitation near the Fermi energy,

FIGURE 3 (a) Schematic of an optical setup for polarization-

resolved Raman spectroscopy. The orange and purple arrows

indicate the polarization direction of the electric field (E). θ is the

rotation angle of the sample. The tilt of the edge filter to the

detection optical path is drawn steeply for clarity (the filter was

tilted 11� to the objective lens in the actual configuration).

(b) Polarization-resolved Raman spectra of co-polarization (VV;

orange) and cross-polarization (VH; purple) configurations. The

spectra were plotted after subtracting the equipment-derived

background signals mainly owing to the thermal and electronic

noise of the detection system. [Colour figure can be viewed at

wileyonlinelibrary.com]
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rather than hot luminescence or other extrinsic effects
such as incoherent luminescence from the surface impu-
rities or oxides.

4 | CONCLUSION

In summary, we studied Raman scattering of Co3Sn2S2,
which has attracted growing attention as a magnetic
topological semimetal, via unpolarized and polarized
Raman spectroscopy. We found that the single crystal of
Co3Sn2S2, of which the XRD measurements guaranteed
the crystal structure, shows two major Raman scattering
peaks of Raman-active Γ point phonon modes at
289 cm�1 and 386 cm�1, together with a continuous
background emission signal. The polarization- and
rotation-angle-resolved Raman spectroscopy revealed a
distinctive difference in the responses for the collinear
VV and the cross-polarized VH Raman scattering
responses for both of the phonon Raman peaks and the
continuous background. Simultaneously, no rotation-
angle dependence was observed for both configurations.
By comparing the observations to the predictions from
the group theory and Raman tensor analysis, the low-
and high-wavenumber Raman peaks were unambigu-
ously attributed to Eg and A1g phonon modes, respec-
tively. Furthermore, it was revealed that only the A1g

phonon mode peak shows asymmetric line shape that
can be well fitted by the BWF function. These results sug-
gest that the Fano interference of the A1g phonon Raman
scattering with the continuous electronic Raman back-
ground associated with the low energy electronic excita-
tion near the Fermi energy. The fundamental
information of the Raman fingerprint of Co3Sn2S2
obtained in this study is helpful for quick experimental
assessment of the crystal structure and verification of the-
oretical calculations by comparing simulated phonon
energies with the experimental counterparts. Moreover,
the findings shed light on the importance of Raman spec-
troscopy as an effective tool to probe low energy elec-
tronic excitations and their interactions with phonons in
Co3Sn2S2.
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FIGURE 4 Peak fitting analyses of the polarization resolved

Raman spectra. (a) Eg peak in VV configuration, (b) A1g peak in VV

configuration, (c) Eg peak in VH configuration, (d) no peak in VH

configuration and (e) constant background (CB) intensities in VV

(left) and VH (right) configurations. Left panels in (a–d) show the

measured spectra (black open circles) and fit results (solid curves),

and right panels indicate integrated intensity of each feature as a

function of the crystal rotation angle. Data integrated for all the

angles are plotted in the left panels of (a–d). The values of the
constants in Equation (3) were obtained asω0 = 383 (cm�1),

q=�7.91, Γ= 6.26 (cm�1) for the A1g mode and ω0 = 285 (cm�1),

q= 548, Γ= 4.16 (cm�1) for the Eg mode, respectively. Background

intensities plotted in (e) were evaluated as integrated intensities in

the wavenumber range between 240 and 450 cm�1 after subtracting

the contribution from the peak features. [Colour figure can be

viewed at wileyonlinelibrary.com]
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