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The temperature dependence of the Raman spectrum of exfoliated CrPS; samples was
investigated by polarized Raman spectroscopy with three excitation sources between 4 K and
room temperature (293 K). The peak positions and the polarization dependences of the 14
observed Raman modes are consistent with the previous report at room temperature. However,
there are some critical changes in the Raman spectrum at low temperatures. For the bulk sample,
the mode at ~306 cm™ is polarized along the b-axis of the crystal at room temperature but is
slightly polarized along the a-axis at low temperatures. In addition, a mode at ~188 cm™t
emerges, and its intensity increases dramatically below the Néel temperature. Both of these
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changes were most prominent with a 2.41 eV excitation source. Similar changes were observed in
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1. Introduction

Magnetic van der Waals (vdW) materials have been intensively
studied because they have diverse and controllable properties
that offer them a lot of potential for electronic and spintronic
applications.'™ For example, the magnetoresistance of ferromag-
netic Fe;GeTe, depends on the thickness,” and the magnetic
properties of Crl; few-layer samples show either ferromagnetic or
antiferromagnetic ordering when the sample has odd or even
layers, respectively.” The transition metal phosphorus sulfide
(MPS3;, M = Fe, Mn, and Ni) family exhibits antiferromagnetic
ordering. However, their magnetic structure depends on the
transition metal element: FePS; is an Ising-zigzag type, MnPS;
is a Heisenberg type, and NiPS; is an XXZ type.®”® Raman
spectroscopy has been proven a powerful tool for studying
various properties of van der Waals materials, such as thickness,
interlayer interactions, or the effect of twist angles."® In particu-
lar, Raman spectroscopy has been very useful in studying the
magnetic properties of van der Waals magnetic materials."*™**
Recently, semiconducting CrPS; with an optical bandgap of
1.4 eV has attracted much interest because it can be exfoliated down
to a monolayer, and the material is air-stable."®* It is an A-type
antiferromagnet with the spins in one layer showing out-of-plane
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few-layer samples down to 2-layers.

Ising-type ferromagnetic ordering with the antiferromag-
netic ordering of the spins in alternating layers. The Néel
temperature (Ty) is at about 38 K in the bulk and 23 K in few-layer
flakes.'®'®?! In temperature-dependent photoluminescence (PL)
studies on bulk samples, Fano resonances that correlate with the
magnetic phase transition have been observed.”>>* In magneto-
optic Kerr effect (MOKE) measurements, the magnetic transition
of ferromagnetic odd-layer samples was measured, and the
critical temperature was not sensitively dependent on the num-
ber of layers for 1, 3, and 5-layer samples.’® The Raman and
infrared measurements of the phonon modes in CrPS, have been
studied at room temperature: Kim et al. performed polarized
Raman spectroscopy and calculated the Raman tensor of bulk
CrPS4;>° Lee et al. recorded the Raman spectrum of few-layer
CrPS, down to the monolayer,'® and Neal et al. used the first-
principles density functional theory calculations to figure out the
vibrational modes.>® The temperature dependence of bulk CrPS,
has also been studied by Gu et al, but they did not find any
correlation between the Raman spectrum and the magnetic
phase transition.>* So far, studies on the temperature depen-
dence and the polarization behaviors of the phonon modes
and the correlation with the magnetic transition have been
lacking.

In this work, we report the temperature dependence of
the Raman spectrum of few-layer and bulk CrPS, with 3
excitation energies. The polarization dependences are also
compared as a function of temperature. The appearance of a
mode at ~188 cm™' correlates with the magnetic ordering
below the Néel temperature. The polarization behavior of
the Raman mode at ~306 cm ™' changes dramatically as the

This journal is © The Royal Society of Chemistry 2024
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sample is cooled below the Néel temperature when the 2.41 eV
excitation is used.

2. Experimental
Sample fabrication

Bulk single-crystal CrPS, was fabricated using the chemical
vapor transport method.'® Samples were mechanically exfo-
liated from the bulk crystal onto 280 nm SiO,/Si substrates.
The sample thickness was measured by atomic force micro-
scopy (AFM). The thickness of one CrPS, layer is about 0.6 nm,
consistent with previous publications (see Fig. S1, ESIT)."® The
as-prepared samples were stored in a vacuum chamber in order
to avoid any possible degradation in air.

Raman measurements

Raman measurements were conducted with excitation energies
of 1.96 eV (He-Ne laser), 2.41 eV (diode-pumped solid-state
laser), and 2.71 eV (Ar-ion laser). The beam was focused onto
the samples by a 40x objective lens (N.A. 0.6), and the laser
power was kept below 100 pW to avoid heating damage. The
scattered light was dispersed using a Jobin-Yvon Horiba
iHR550 spectrometer (1200 groves per mm blazed at 630 nm
for the 1.96 eV excitation and 2400 groves per mm blazed at
400 nm for the 2.41 eV and 2.71 eV excitations) and detected
using a liquid-nitrogen-cooled back-illuminated charged-
coupled-device (CCD). All the polarizations of the incident
and scattered light were controlled by a set of two polarizers
and two half-wave plates. The polarization angle (0) was mea-
sured with respect to the a-axis of the crystal, by comparing the
polarization dependence of the Raman modes in previous
reports.”>*” During the measurements, samples were kept in
a closed-cycle He cryostat (Montana).
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3. Results and discussion

Fig. 1(a) illustrates the crystal structure of CrPS, with the
lattices constant @ = 10.871 A, b = 7.254 A, ¢ = 6.140 A, and
the angle between a- and c-axes ff = 91.88°, which is monoclinic
with the space group C,” (Z = 4, four formulae per unit cell).>"*®
The P atom bonds to 4 S atoms to form a tetrahedron PS,. The
Cr atom and six adjacent S atoms form a slightly distorted
octahedron of CrSes. The CrSys octahedrons share their edges
and form chains along the b-axis.>® A group theoretical analysis
shows that CrPS, has 36 vibrational modes, including 17
A-symmetry modes and 19 B-symmetry modes, which are
Raman-active except for the three acoustic-phonon modes
(1A + 2B)."***>?¢ The Raman tensors are>’

a 0 d 0 e O
RAA)=10 b 0 and RB)=|f 0 f
d 0 ¢ 0 e O

In the backscattering geometry on the ab plane, the A and B-
type modes are only observed in parallel [Z(xx)z], [Z(yy)z] and
cross [Z(xy)z] polarized Raman spectra, respectively. Here, z and
Z refer to the propagation directions of the incident and
scattered photons, and the two labels inside the parenthesis
refer to the polarization directions of the incident and scattered
photons, respectively. We set the x(y)-direction along the a(b)-
axis of the crystal. Fig. 1(b) shows the polarized Raman spectra
of a bulk CrPS, sample at low temperature (4 K) and room
temperature (293 K) measured in [Z(xx)z], [2(yy)z] and [2(xp)z]
polarizations with the 2.41 eV excitation. At 293 K, we observed
6 A modes and 7 B modes below 360 cm ™, consistent with
previous publications.'®?* On the other hand, at 4 K, another A
mode (A3) at ~188 cm ™! is resolved. At 293 K, this mode is also
very weak with the 2.71 eV excitation but is visible with the
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(a) Crystal structure of CrPS,, side view and top view. The green rectangle indicates the unit cell. (b) Raman spectra of a bulk CrPS, sample at 4 K

(black) and room-temperature (red), measured with the 2.41 eV excitation source in the parallel [z(xx)z] (thick lines), [Z(yy)z] (dotted lines) and cross
[z(xy)z] (thin lines) polarization configurations. The labels indicate the A- and B-type Raman modes of CrPS,.
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Fig. 2 Polarization dependence of select Raman modes in CrPS, at select temperatures. The dots and lines are experimental data and fitting,
respectively. These data were collected with the 2.41 eV excitation source.

1.96 eV excitation. The observed Raman modes are com-
pared with the calculated phonon modes in Table S1
(ESIT).>® Its intensity also increases at 4 K with the 1.96

(see Fig. S2, ESIY).

and 2.71 eV excitations. However, for the 1.96 eV excitation,
the polarization direction is orthogonal to the 2.41 eV case
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(a) Temperature dependence of the A3 mode of a bulk sample. (b) Temperature dependence of the A6 mode of a bulk sample for two different

polarizations. The Raman spectra were recorded with the 2.41 eV excitation. (c) Temperature dependence of the peak position (black) and the height
(green) extracted from (a). (d) Temperature dependence of the intensity of A6 for two different polarizations of [Z(xx)z] (orange) and [Z(yy)z] (blue). (e)
Temperature dependence of the intensity ratio of the two polarizations in (d). The vertical red dashed lines indicate the Néel temperature of 38 K. The

error bars indicate the experimental uncertainties.
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The polarization dependences of the Raman modes at room
temperature and at 4 K are shown in Fig. 2, Fig. S3 and S4
(ESIt). Here, the polarizations of the incident and scattered
photons are parallel and a half-wave plate is used to rotate the
polarization of incident photons with respect to the crystal
axes. In the polar plot, 0° corresponds to the g-axis. The B-type
modes show the characteristic 4-fold polarization dependence
that does not change at low temperatures. On the other hand,
the A-type modes show rather complex polarization depen-
dences that depend on the temperature and the excitation
energy. Such a behavior is often observed in 2-dimensional
materials with in-plane anisotropy and is consistent with the
previous report on CrPS,.>>*°32 Qi et al. used the polarization
of mode A2 to find the b-axis.?” At 4 K, there are some changes
in the polarization dependences of some of the A modes,
whereas those of A1l and A2 do not change much (Fig. 2 and
Fig. S3, ESIt). The changes are most dramatic for the A6 mode:
the intensity is maximum along the b-axis at room temperature
but is almost isotropic with the maximum along the a-axis at
4 K. Kim et al. reported that at room temperature, the A6 mode
is polarized along the a-axis for the 1.96 eV excitation and along
the b-axis for 2.41 and 2.71 eV excitations.>® We observed the
same excitation dependence but also discovered that the polar-
ization direction changes between room temperature and 4 K
only for the 2.41 eV (see Fig. 2 and Fig. S5, ESI). Louisy et al.
reported that the lowest energy optical transition due to a d-d
type transition is at 1.4 eV, but the fundamental charge transfer
or bandgap transition is at ~2.4 eV.”" Therefore, we can infer
that the observed excitation energy dependence may be
explained by the resonance with the transition at ~2.4 eV.
The temperature dependence of the A6 mode for the 2.41 eV
excitation may also result from such a resonance. The bandgap
energy generally changes as the temperature changes, modify-
ing the resonance conditions. Such changes would be more
dramatic if the excitation is close to the bandgap energy. If the
material goes through a magnetic transition, it will also modify
the band structure, resulting in further changes in the reso-
nance conditions.

Fig. 3(a) shows the temperature dependence of the A3 mode.
At room temperature, this mode is almost invisible with
2.41 eV. Its temperature dependence is summarized in
Fig. 3(c). It becomes visible as the temperature is lowered
toward the Néel temperature, and the intensity increases dramati-
cally below it. Fig. 3(b) shows the temperature dependence of the A6
mode for [Z(xx)z] and [Z(yy)z]. The peak blue shifts slightly from
~306 cm ' at room temperature to ~309 cm ' at 4 K. The
polarization dependence of this mode changes with temperature,
and Fig. 3(d) and (e) summarize the ratio between the intensities
measured in two different polarizations. As the temperature is
cooled below the Néel temperature, the intensities are reversed, as
we have seen in Fig. 2. Recently, Qi et al studied the anisotropic
magnon transport in CrPS, and found that the magnon transport is
stronger along the b-axis.”” This suggests that the change in the
polarization of the A6 mode as the material goes through magnetic
ordering may be explained in terms of the phonon-magnon cou-
pling. Further studies are needed to elucidate such coupling effects.

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (a) A3 mode of 1L, 2L, 3L, 4L and 5L CrPS, samples. (b) and (c)
Polarization dependences of the A6 mode of 2L and 3L CrPS, at 4 K (black)
and 293 K (red), respectively. The dots and lines are experimental data and
fitting, respectively. These data were recorded with the 2.41 eV excitation.

°4K 2293 K

We studied the thickness dependence of the Raman
spectra of few-layer CrPS, samples using the 2.41 eV excita-
tion, which showed the most dramatic changes in the
Raman spectrum through the antiferromagnetic transition.
We obtained high-resolution Raman spectra down to 2L (see
Fig. S7, ESIY), and the peak positions and linewidths are
consistent with previous results."® From the monolayer (1L)
sample, we could resolve only a couple of very weak peaks,
which is consistent with previous reports.'®"®*? It has been
reported that the CrPS, monolayer is prone to degradation
in air, although the bulk material is known to be air-
stable.®® On the other hand, the magnetic transition could
be observed in the MOKE measurements on such 1L
samples.'® Since Raman scattering is more sensitive to the
imperfections in the crystal than MOKE, this may indicate
that the crystallinity of the 1L sample was not good enough.
In 1L MnPS;, which is more sensitive to air exposure, the
Raman modes were similarly very weak. In contrast, other
magnetic van der Waals materials, such as FePS; and NiPS;,
show well-resolved Raman modes down to 1L.""'*'® The
emergence of the A3 mode and the change in the polariza-
tion dependence of the A6 mode as the temperature is
lowered through the Néel temperature are observed as in

J. Mater. Chem. C, 2024,12,12468-12473 | 12471
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the case of the bulk material (see Fig. S8 to S11, ESI¥). Fig. 4
summarizes such results.

4. Conclusion

In summary, the polarized Raman spectrum of CrPS, measured
with a 2.41 eV excitation source exhibits two major changes as
the sample is cooled below the Néel temperature: the A3 mode
at ~188 cm ™' is greatly enhanced, and the polarization of the
A6 mode at ~306 cm~ ' changes dramatically. These changes
are not as pronounced with the other excitation energies
(1.96 and 2.71 eV), suggesting a resonance effect. The same
measurements were carried out on few-layer CrPS, samples,
and similar effects were observed down to 2 layers. Our findings
indicate that there is intricate correlation between the phonon
modes and the magnetic ordering and provide valuable infor-
mation for future work on CrPS,: one should be careful in using
the polarized Raman measurements to determine the crystal
axes as the polarizations of some of the modes depend on the
temperature as well as the excitation laser energy.
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