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Functional van der Waals layered materials, which exhibit interesting phenomena such as magnetism and

ferroelectricity, have been proposed for use in next-generation nanoscale devices and sensors. CuCrP,S¢ is a
promising two-dimensional (2D) material that evinces multiferroic behavior where the Cu™ and Cr*?3 cations are
responsible for antiferroelectric and antiferromagnetic ordering, respectively. In this study, we use x-ray diffrac-
tion and Raman spectroscopy to map out these phase transitions in the range 70—400 K. The antiferroelectric

phase transition is complex and shows a gradual transition to complete antipolar order with an intermediate
quasiantipolar step. X-ray diffraction studies reveal evidence for negative thermal expansion across the antipolar
phase transitions at ~270 and ~140 K. The latter of these is accompanied by a drastic reduction in rotational
and translational mode frequencies of the anion groups in CuCrP,S¢. Our temperature-dependent structural data
provide an important reference for subsequent research into this promising 2D multiferroic material.
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I. INTRODUCTION

Recently, van der Waals gapped two-dimensional (2D)
materials have become a main focus of research at the in-
tersection of solid-state physics and nanomaterials. These
materials, comprised of 2D sheets and their various het-
erostructures, are potential candidates for the next generation
of electronic devices [1-3]. To this end, 2D compounds have
been extensively investigated in a search for materials with
conducting, insulating, semiconducting, and superconducting
properties. With their tendency to form layered van der Waals
gapped compounds, sulfur, selenium, and tellurium-based ma-
terials have provided for a rich vein of investigation. For
example, mono- and few-layer transition metal chalcogenides,
collectively referred to as TMCs, exhibit a wide range of
band gaps from the infrared to ultraviolet; researchers have
successfully demonstrated them for use in applications such
as optoelectronics [4], logic circuits [5], energy harvesting
[6], and spintronics [7], among others. However, even though
some of these materials can possess strong spin-orbit coupling
in the monolayer [8], they lack incipient functional proper-
ties such as magnetism and ferroelectricity which are needed
for advanced device fabrication. This has led to a concerted
exploration effort to discover 2D materials with functional
properties for device fabrication [3,9-16]. One recent candi-
date, Crls, has been shown to exhibit ferromagnetism in the
monolayer, a property which can be controlled electrically
[17] or through the application of pressure [18]. However,
Crl; and other halide-based magnets are unstable in ambient
conditions due to a photocatalyzed reaction with water [19]
and must necessarily be encapsulated, usually in graphene or
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h-BN. To augment the 2D materials toolbox, recent studies
have advocated for fundamental structure-properties research
into metal thio- and selenophospates (MTPs) [13,20,21],
which exhibit properties such as ferroelectricity [22,23] and
magnetism [10,24] in various compositions and have been
shown to be fairly stable under ambient conditions [12,25],
making them more tractable for device fabrication (e.g.
[26-30]).

A particularly interesting MTP-based 2D multiferroic ma-
terial is CuCrP,S¢, in which antiferroelectric (AFE) and
antiferromagnetic (AFM) lattices coexist on different cation
sites. In Fig. 1(a) we show the 300 K structure with all
atoms present. In Figs. 1(b)-1(e) we focus on the ordering
of the Cu cations within their respective octahedra, with the
exception of Fig. 1(e) where we also include the direction
of the spin orientation on the Cr site to describe the nature
of the AFM ordering. These different ferroic behaviors are
associated with multiple phase transitions [31-35]: (1) There
is a transition from a room-temperature paraelectric state
(symmetry C2/c) to a quasiantipolar state at ~190 K (¢,
symmetry Pc). This phase can be described as consisting of
a preferential ordering of the Cu sublattice where the Cu"P
site has a 70% occupancy while the Cu**" site has a 30%
occupancy [Fig. 1(a)] [34]. These occupancies alternate be-
tween the two sites in a (%, %, 0) translation creating zero
net electric polarization, though Ref. [34] also described it
as a “glassy precursor to long-range order” which implies
some degree of disorder [34]. This phase has only been struc-
turally probed at a single temperature (160 K [34]) so we
do not know if the Cu ordering is gradual, as is the case
with CulnP,S¢ ([22,36]) or if this is a stable configuration.
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FIG. 1. Structural of CuCrP,S¢ and its evolution with temperature showing differences in the crystal lattice due to the various transition
temperatures associated with this system, T¢; (190 K), T¢; (145 K), and Ty (30 K). (a) Room-temperature structure showing all atoms present;
yellow spheres represent S, pink spheres represent P, blue spheres represent Cr, and teal spheres represent Cu. The evolution of the phase
transitions is described, for the purpose of simplicity, by focusing only on the metal cations in their respective octahedra: (b) paraelectric state
where Cu is evenly divided between the up and down positions; (c) quasiantipolar state where occupancies are split 70/30 with a (%, %, 0)
translation (with some degree of disorder [34]) between antipolar pairs; (d) fully antipolar state with same translation as in (c); (e) multiferroic
state where a magnetic moment is carried on the Cr site along the a axis. Spins are oriented along a or —a in alternating layers and are denoted
by the burgundy arrows. Note that the partial occupancy as presented in (c) has only been structurally probed at only one temperature (160 K
[34]) so we do not know if the Cu ordering is gradual, as is the case with CulnP,S¢ [22,36] or if this is a stable configuration. It is also unclear
if the disorder in this phase can be described as incommensurate (cf. [32,33]).

It is also unclear if this particular phase is incommensurate
as is suggested by analogy of some features in optical ab-
sorption and specific-heat studies with similar measurements
performed on the ferroelectric compound Sn,P,Seg, which
also exhibits an incommensurate phase (cf. [32,33]). Thermal
measurements of this transition [33] do not reveal a latent
heat, thus classifying it as a second-order transition. (2) At
~145 K (T¢»), the occupancies become distinctly locked as
Cu cations are fully confined to either a single up or down po-
sition, again in a (3, 1, 0) translation making this phase truly
AFE, also in the Pc space group [Fig. 1(b)]. (3) There is an
AFM phase at 30 K (7y) wherein the Cr sublattice carries the
magnetic moment, which lies along the ab plane [37] and has
recently been theoretically modeled [25] to alternately align
parallel and antiparallel to the a axis with layer [Fig. 1(d)].
From neutron-diffraction work [35], a (001) peak reflection is
visible in violation of the space group Pc reflection condition
[00OL] where L = 2n, indicating the presence of a sublattice
described by each lamella being FM in nature with intralayer
exchange interaction Jiyy, > 0. In turn, each FM lamella is
antiferromagnetically coupled with adjacent layers (Jiper < 0)
for a net zero magnetic polarization.

The ferroic properties of CuCrP,S¢ have recently been
theoretically investigated by Lai er al. [25] who noted that
this material is a type-I multiferroic with (1) FM and AFE
ordering likely dominant in the monolayer and (2) magne-
toelectric coupling resulting from spin-orbit coupling. This
opens opportunities for switchable nanoelectronics through
manipulation of magnetic spins with an applied electric
field. In the same report, Lai et al. noted the persistence of

FE in poled CuCrP,S¢ exfoliated sheets through piezoforce
microscopy measurements. In addition, they observed sponta-
neous FM polarization in magnetization measurements of an
inhomogeneous mixture of exfoliated nanosheets. However,
they did not test for experimental confirmations of the cou-
pling among spins, electric dipoles, and valleys or the degree
of spin-orbit coupling, leading to several open questions re-
garding the fundamental physics of this system, both in the
bulk and in the monolayer.

In order to understand the changes in the lattice brought
about by the various ferroic transitions, it is important to
study the temperature-dependent properties of pure single-
crystalline materials. Raman spectroscopy is a particularly
well-suited technique for such studies as it is quick, nonde-
structive, and highly expandable in terms of measuring the
effects of various external variables on the vibrational modes
of compounds such as pressure, temperature, and magnetic
field [38]. It has been used successfully to characterize struc-
tural changes in a variety of nanomaterials such as carbon
nanotubes [39], graphene [40,41], and TMDs [38], and we
also expect it to help in quantifying structural changes associ-
ated with magnetic and ferroelectric transitions in CuCrP,S¢
and other members of the MTP family of materials (cf. [36]),
especially as these materials are developed into devices (e.g.,
[11,26]). Two early room-temperature Raman spectroscopy
studies [42,43] revealed some general insights into the vibra-
tional modes in CuCrP, S, though their scopes were limited
since they were written prior to the discovery of AFE or-
dering in CuCrP;S¢ and its structural mechanism. In fact,
to our knowledge, a Raman spectral study has not yet been
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performed for mapping the phase transitions in CuCrP,Sg
as a function of temperature. X-ray diffraction (XRD) is an-
other characterization technique that is valuable to understand
changes in the lattice structure due to atomic displacements
(order-disorder or displacive transitions) during phase tran-
sitions. Detailed structural analyses derived from x-ray [22]
and neutron diffraction [35,37] on CuCrP,S¢ and related
functional thiophosphates like CulnP,S¢ have illuminated the
interplay of Cu™ movements within the unit cell and the
emergence of ferroic properties. In this work, we performed
temperature-dependent XRD and Raman scattering measure-
ments on single-crystalline CuCrP,Sg. Our results tie changes
in the anion vibrational modes and layer spacing to changes in
the Cu ordering associated with transitions to quasiantipolar
(T¢1) and fully antipolar (T¢») states. These observations can
be used as a future benchmark for engineering the ferroic
properties of this interesting 2D material.

II. EXPERIMENT

Synthesis and characterization. We synthesized CuCrP,S¢
from pure elements (Alfa Aesar Puratronic, 99.999+%). Prior
to synthesis, we reduced the Cr powder under forming gas
(95% Ar, 5% H,) to remove any oxide contamination. We
weighed the elemental powder/chunks (~3 g) to achieve a mo-
lar ratio of Cu:Cr:P:S of 1:1:2:6, with ~5% excess P included.
We ground the materials together in a mortar and pestle under
an Ar environment prior to insertion into a thick-walled quartz
ampoule. We then sealed the ampoule under vacuum and
placed it in a tube furnace, slowly ramping the temperature to
300 °C over a period of 10 h, after which point it was held for a
further 10 h. After this initial heating step, we ramped the fur-
nace to 700 °C over a period of 13 h and held it at this setpoint
for ~7 days. We then allowed the ampoule to cool to room
temperature over a period of 35 h. Upon opening the ampoule,
we found crystals sized on the order of ~ 3 x 3mm? which
exhibited terracing common in layered materials. Physically,
the crystals were flexible, grey, and micaceous. We performed
elemental analysis using a Bruker Quantax 70 EDS detector
coupled with a Hitachi-TM-3000 tabletop scanning electron
microscope system using ten different regions. With this anal-
ysis, we determined the elemental composition of the single
crystals was to be CuCrP,S¢, within instrumental error. We
note that the inclusion of a halide transport agent such as I, or
a halide salt flux (e.g., AlCl3/KCl) likely would engender the
growth of larger crystals [44].

X-ray diffraction. We isolated flat platelets and affixed
them to a mounting stub with a small quantity of Apiezon
N-type vacuum grease. We performed initial measurements
down to 120 K on a Rigaku SmartLab SE system with an An-
ton Parr DCS 500 temperature controller (Cuk, = 1.5406 A).
To obtain a wider temperature range, we subsequently used
an Oxford Chimera temperature controller mounted onto a
Bruker D8 Discover DaVinci system (Cuk, = 1.5406 A).
These results were in general agreement where they over-
lapped. In both experiments, we reduced the temperature to
the minimum for the system (e.g.., 70 K for the Chimera)
so that diffraction patterns could be taken upon heating. We
collected data from 10 < 26 < 95° every 5 K through 400 K.
We held the temperature at the programmed temperature for
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FIG. 2. XRD pattern collected at 70 K from a flat face of a sin-
gle crystal showing (00/)-type peak reflections. Gaps in the pattern
represent peaks resulting from the Ni-coated Cu sample holder that
were excluded from the fit. The inset shows the synthesized crystals.

5 min prior to the start of the scan; temperature ramp rates
were ~1 K/min between scans. We fit the resulting spectra in
the FULLPROF software suite [45] using Le Bail fitting of the
(007)-type peak reflections.

Raman spectroscopy. We collected temperature-dependent
Raman spectra using a Renishaw inVia system. We loaded the
crystals into a cold stage (Linkam Scientific, THMS600) for
the low-temperature measurements. Prior to cooling, we evac-
uated the chamber to low pressure (~100 mTorr), followed
by backfilling with N,. Raman spectra were collected with
633-nm excitation. The laser power was kept below 0.5 mW
to avoid local laser-induced heating. Lorentzian line-shape
fitting was performed on the spectra and the four most promi-
nent peaks (room temperature peaks at ~205, 265, 380, and
595cm~!) in the spectra were chosen for the temperature-
dependent analysis.

III. RESULTS AND DISCUSSION

We isolated single crystals of CuCrP,S¢ from the ampoule
after synthesis conditions were completed. CuCrP,Sg, like
all other known MTPs, grows preferentially along the plane
defined by the lamellae in this van der Waals gapped structure,
which is along the ab plane in nearly all MTP compounds. The
result is that the crystals form as flat platelets which vary from
~100 to ~500 um in thickness and exhibit diameters from
microscopic to ~5 mm or larger (Fig. 2, inset). All crystallites
were found to be highly terraced. These features indicate
growth conditions where new nucleation sites form before
growth is complete for a given layer and can potentially be
controlled via careful engineering of temperature conditions,
among other factors [46]. General powder diffraction on MTP
materials is useful only when using higher energy synchrotron
sources so we were limited to investigating the (00!)-type
reflections in the material, which show excellent crystalline
quality (Fig. 2).
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FIG. 3. (a) Heat map of the (008) reflection of the CuCrP,S¢ crystal under investigation and (b) layer spacing (equal to the sum of one
CuCrP,S¢ lamella and one van der Waals gap) as a function of temperature. In both cases the phase transitions are denoted by the dashed grey

lines.

We collected temperature-dependent XRD patterns on
CuCrP,Sg single crystals between 70 and 400 K. We applied
whole-pattern fitting using the Le Bail technique to the pat-
terns collected at different temperatures. We artificially set the
monoclinic angle B to 90° to plot the data in terms of layer
spacing d (where d is equal to the sum of one lamella and one
van der Waals gap, a common method of defining the structure
in van der Waals gapped materials, cf. [16,23,36,47-49]. We
present these data in Fig. 3. In Fig. 3(a), we show a heat map
of the (008) peak reflection near 26 = 57.5°; we focus on this
peak as it is the highest-order peak reflection (and therefore
least susceptible to error [50]) that displays significant inten-
sity and is also not convoluted with peaks resulting from the
experimental apparatus. The plot in Fig. 3(a) shows subtle
changes in both intensity and Bragg angle with temperature,
implying both (1) changes in occupancy of the Cu site as the
intensity of the diffracted beam is proportional to the structure
factor (|Fj|?), which is in turn dependent on the occupancy
of atoms in different Wyckoff positions in the unit cell, and
(2) changes in the unit cell itself brought on by these changes
in occupancy, which will be explored in more detail below.

In Fig. 3(b), we show the evolution of the layer spacing
with temperature; the inset displays a derivative plot of the
temperature data. There has been, to date, no high-temperature
(i.e., between 300 K and the synthesis temperature of 973—
1023 K) structural analysis of CuCrP,Se, so the possibility of
phase transitions at higher temperatures, as is present in some
MTP compounds (e.g., Iny;3P>S¢ [51] and Cug4In;2P>Se
[36]) remains an open question. However, from the literature
and from the data we plot in Fig. 3, we know that CuCrP,S¢
evinces a C2/c structure at room temperature [37] and that
there is no apparent change in structure, aside from normal
thermal expansion/contraction, in the range 270400 K. The
thermal-expansion coefficient along the stacking direction cal-
culated from these data is ~10 x 107°K~', in accord with
previous data collected on ferroelectric CulnP,S¢ [36]. The
rapid expansion of d as temperature increases likely results

from the presence of enough thermal energy at these temper-
atures to cause the Cu to slip the confines of its potential well
located near the center of the S-S-S triangle and penetrate the
van der Waals gap [52] and, due to the electrostatic repulsion
from these Cu cations, the expansion of the width of the gap
itself.

Below 270 K, the expansion and contraction of d with
temperature [Fig. 3(b)] appears to be governed by the ferroic
behavior of the two cation sublattices, with higher tem-
perature (100-270 K) behavior subject to Cu ordering and
thermal displacements, and lower temperatures (<90 K) pos-
sibly dominated by Cr magnetism and frustration. At T <
270K (a point which we demarcate as 7Tj), d expands as
temperature decreases, likely from expansion of the lamellae
concomitant with the first appearance of preferential ordering
of the Cu cations and/or the appearance of precursor phenom-
ena such as antipolar clustering. We note that the location
of Ty is broadly consistent with subtle transitions noted in
specific heat [33], dielectric spectroscopy [53], and ultrasonic
[54] studies performed on CuCrP,S¢ (where this transition
appears in the 260-300 K range) and also appears to be
consistent with the temperature-dependent Raman results we
display below. All MTP compounds share a common [P, X,]*~
structural backbone (where X = S or Se) and, as a result,
have similar responses to cation ordering, so comparisons to
the better-characterized ferrielectric compound CulnP,S¢ are
enlightening in elucidating the behavior of the structurally re-
lated CuCrP,S¢ under present investigation. In CulnP, S, the
transition to the ferrielectric state is associated with a lattice
contraction linked to 1) the reduction of the lamella thickness
due to the lack of P-S deformation around the unfilled Cu site
and 2) the lack of electrostatic repulsion resulting from the
presence of Cu on only one side of the van der Waals gap. This
behavior is in contrast to most known ferroelectrics, including
BaTiO3; and PbTiO3, where the transition to the ferroelectric
state is associated with an increase in unit-cell volume [55,56].
In contrast to the polar ordering exhibited by CulnP,S¢, one
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would expect that antipolar, or even quasiantipolar, ordering
of the Cu cations in CuCrP,S¢ would result in an increase in
lamella thickness, which we observe [Fig. 2(b)]. This trend
continues until 7 = 190K (7¢;), after which point d again
decreases with temperature, likely due to the presence of an
evolving incommensurate phase.

Ty is the temperature associated with the second-order
phase transition to a quasiantipolar state. Only one tempera-
ture in this regime has been structurally probed to date (160 K
[34]), so it remains unclear whether the 70/30 copper occu-
pancy stated in that report is constant through this phase space.
Indeed, the authors of that work refer to the quasiantipo-
lar phase as “glassy” and a precursor to long-range order
which, by definition, indicates a degree of structural disorder.
In addition, some authors have made a comparison between
CuCrP,;S¢ and the well-researched ferroelectric compound
Sn,P,Seq based on the fact that two phase transitions are
present in both compounds and that they share certain features
in optical absorption spectra [32] and in specific-heat analysis
(cf. [33,57]). Sn,yP,Se forms an incommensurate phase at 220
K where a component of the wave vector of the modulated
structure changes smoothly with temperature from 220 to 193
K followed by an abrupt disappearance of the satellite XRD
peaks and a transition to a fully ferroelectric state at 193 K
[58]. Based on these comparisons and the optical-absorption
and specific-heat results, it is likely that CuCrP,S¢ evinces the
same property, though it has yet to be definitively proven from
a structural perspective. In Sn,P,Seg, the incommensurate
phase is associated with a slight decrease in layer spacing [58],
a trend we note in Fig. 2(b) for CuCrP,S¢ which we ascribe to
possible changes in the wave vector of the modulated structure
where, increasingly, sites of high Cu cation occupancy do
not directly oppose each other across the van der Waals gap,
thus reducing electrostatic repulsion and layer thickness. Full
structural characterization of this disordered quasiantipolar
phase and its evolution with temperature are open questions
which we hope to address in an upcoming publication.

The transition at 145 K is first order [33] and the structure
observed in this fully antipolar state is well characterized (e.g.,
[37]). The Cu ordering follows a (%, %, 0) translation and no
Cu cations oppose each other across the van der Waals gap
[Fig. 1(d)]. However, at T < 145K (T¢2), d again increases
with decreasing 7. This expansion is coincident with the
rapid increase in magnetic susceptibility x, as temperature
decreases [25,59]. Curie-Weiss analysis of x vs T plots at
100 < T < 400K shows that [ocal ordering of the Cr cations
in CuCrP,Sg is ferromagnetic with 6cw = 30.6 K [60]. These
same measurements also show that antiferromagnetic be-
havior is evident at 7 < 32K as the lamellae couple and
long-range order is achieved [60]. This competition between
opposing magnetic exchange interactions has been shown to
lead to negative thermal-expansion (NTE)-type behavior in
other compounds, e.g., [61-63]. However, these same materi-
als evince departures from conventional Curie-Weiss behavior
which appear to be more subtle in CuCrP,S¢. Previous stud-
ies [59,60] noted departures from Curie-Weiss behavior in
CuCrP,Sg at T <~ 60 K. Examination of the present avail-
able literature reveals some sensitivity of the determination of
Ocw on the data window analyzed; however, reliable data at
T > 150K is currently absent from the literature, leaving this

question, at the moment, unresolved for CuCrP,S¢. In the Cr-
containing chalcogenide LiGaCr4Sg, competing AFM and FM
exchange interactions are present which, when combined with
strong coupling between the lattice and the magnetic ground
state, result in negative thermal expansion (NTE) from 110
to ~10 K [62]. If similar dynamics are present in CuCrP,Sg
where similarly strong lattice couplings are predicted from
theory [25], it is likely that the layer thickness will again
decrease as long-range AFM order is established at 32 K, as
in the observations of LiGaCr4Sg [62]. Future investigation re-
garding detailed structural analysis of the NTE phenomenon,
magnetic behavior, and the interplay of cation ordering and
local deformations in the CuCrP,S¢ lamellae will likely be
fruitful, especially given our current limitations both in avail-
ability of temperatures probed and in structural parameters
analyzed. Nevertheless, magnetic 2D NTE materials are not
only interesting from a fundamental perspective due to the
complex physics involved, but are also interesting from an
applications perspective since NTE materials, when mated
with other 2D materials, help form zero thermal-expansion
devices necessary for complex optics [64].

Next, we turn to temperature-dependent Raman spec-
troscopy measurements to probe the CuCrP,S¢ vibrational
modes across the phase transitions. We collected polarized
Raman spectra in the backscattering geometry (with the inci-
dent laser perpendicular to the crystal surface) as a function of
temperature from 77 to 350 K. We used a polarization rotator
to set the laser polarization to vertical (VH) or horizontal
(HH); we kept the scattered light horizontally polarized. Fig-
ure 4 shows example spectra collected at room temperature
(297 K) and at 100 K. A number of modes can be observed
in the low-temperature spectra, some of which are distinct
between the VH and HH polarizations. At the same time,
there are several peaks that appear in both spectra, suggesting
depolarization effects which can be attributed to steps and
dislocations on the crystal surfaces. An additional source of
the extra peaks in the low-temperature spectra could be the
appearance of infrared-active phonon modes due to the low-
ering of crystal inversion symmetry [43] associated with the
ferroic phase transitions. In the room-temperature spectrum,
however, almost all of the peaks observed in our measured
spectral range (50700 cm™") can be assigned to anion vibra-
tions. The modes corresponding to the metal cation vibrations
fell below our measured spectral range.

For the temperature-dependent peak frequency and width
analysis, we chose four peaks labeled a-d in Fig. 4. Of these
four peaks, only peak a corresponds to a vibrational mode
of the E, type; its intensity does not diminish in the VH
spectrum. All other peaks correspond to A, modes and their
intensities are drastically reduced in the VH spectrum. A com-
parison of our measured Raman peaks with those published in
the literature reveals that the peaks a, b, ¢, and d correspond to
rotations (R'), translations (7), and symmetric stretching and
deformation of PS3; groups (v; and v,) within the [P,Se]*™
ethanelike building blocks of the anion sublattice, respectively
[42,65]. These vibrational modes are associated with the anion
sublattice responding to movements of the Cu cations within
the S¢ octahedra with the onset of antiferroelectric ordering.
To see the effect of the phase transitions on the phonon modes,
we analyzed the peak frequencies and linewidths (full width
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FIG. 4. Plane- (HH) and cross-polarized (VH) Raman spectra
collected in the backscattered geometry from CuCrP,Sg single crys-
tals. The four prominent peaks in the room temperature spectrum,
labeled a, b, ¢, and d were used for analysis of temperature-
dependent peak frequencies and linewidths.

at half maximum intensity) of these four peaks over our mea-
sured temperature range. Owing to their higher signal to noise,
we chose only the HH polarized spectra for the analysis.

As mentioned above and demonstrated in previous studies
[34,35], the antipolar and quasiantipolar phase transitions in
CuCrP,Sg take place by the hopping and ordering of Cu ions
within the lamellae. This atomic rearrangement is expected
to affect the phonon mode frequencies and can be observed
in the temperature-dependent Raman spectra. While we could
not directly measure the phonon modes of the cations owing
to their frequencies being outside of our measurement range,
it is still instructive to see the effect of the phase transitions on
the anion phonon modes. The temperature-dependent Raman
frequencies and widths of the four modes from Fig. 4 are
plotted in Fig. 5. The phase-transition temperatures are shown
for reference as dashed vertical lines.

All four peaks exhibit interesting temperature dependen-
cies. The two low-frequency anion rotation [Fig. 5(a), (R')]
and translation modes [Fig. 5(c), (T’)] increase in frequency
(i.e., harden) as the temperature is reduced from 350 K. This
is the expected behavior for all anharmonic solids where peak
frequency increases (decreases) with decreasing (increasing)
temperature [66]. We note that 7j coincides with a subtle shift
in the slope of the frequency shift vs temperature for the ro-
tational and translational modes, indicating that the transition
to the quasiantipolar state is likely gradual. However, around
190 K (T¢1), the slope in frequency abruptly changes, indicat-
ing the boundary between the paraelectric and quasiantipolar
states. This is concomitant with the region of layer expansion

seen in Fig. 3(b) in the XRD data. Interestingly, the frequency
of the PS; rotational mode decreases slightly between T¢; and
Tr» [Fig. 5(a)] while the translational mode frequency remains
almost constant [Fig. 5(c)]. This latter effect, an invariance
in peak frequency, indicates a stabilization brought about in
the lattice by the reduction in the thermal hopping of Cu ions
during the transition to the quasiantipolar state.

Once the crystal goes into the fully antipolar AFE phase
below 145 K (T < T¢,), the rotational and translational mode
frequencies soften, in conjunction with the increase in layer
thickness (and NTE) observed in the XRD data (Fig. 3).
This kind of behavior is usually expected with soft modes
[67,68] wherein an unstable phonon mode condenses (i.e.,
its frequency goes down to zero) across a phase transition.
Here we do not observe the complete condensation of the two
modes in the AFE phase; in fact, we observe a slight increase
in frequency around our lowest measured temperature (77 K).
Since the AFE transition occurs by the complete ordering
of the Cu ions in the up or down states, one might expect
soft-mode behavior in the cation vibrational modes. However,
this has not been observed in the literature for other layered
thiophosphates like CulnP,S¢ [69]. Moreover, we also do
not expect soft-mode behavior in the anion (PS3) vibrational
modes. However, our observations [as shown in Figs. 4(a) and
4(b)] highlight the cooperation between the cation and anion
vibrations, and we attribute the softening of the PS5 rotational
and translational modes in the AFE phase to the influence
of the reordering of the Cu cations below T¢;. This kind of
coupling between Cu ions and PS; vibrational modes has been
previously observed in CulnP,Sg [22]. The coupling-induced
softening of the PSj (effectively the P,S¢ octahedra) modes
could also play a role in the decrease in lattice spacing as
observed in our XRD study [Fig. 3(b)]. Indeed, soft-mode-like
behavior of the rotational and translational modes in complex
oxides has been related to NTE in those materials [70]. The
two stretching modes [c and d in Fig. 4, denoted by the sym-
bols v; and v, in Fig. 5] exhibit hardening as the temperature
is reduced from 350 K to 7T¢; [Figs. 5(e) and 5(g)]. In the
quasiantipolar phase (T¢o < T < Tey), the peak frequencies
do not become constant as they did for the rotational and
stretching modes. Below 7¢», in the AFE phase one stretch-
ing mode continues to harden [v;, Fig. 5(e)] while the other
mode frequency [v,, Fig. 5(g)] exhibits a slight decrease with
decreasing temperature until ~100 K. Our observed trends
in the temperature-dependent peak frequencies show that the
rotational and translational phonon modes play a larger role
than the stretching modes in the structural instabilities across
both phase-transition temperatures.

The peak widths of the rotational and translational modes
also follow the expected trends in the high-temperature regime
(T > T¢1), where they decrease (peak sharpening) with de-
creasing temperature from 350 K to 7¢; [Figs. 5(b), 5(d), 5(f),
and 5(h)]. Sharpening of Raman peaks with decreasing tem-
peratures is expected for anharmonic phonon modes wherein
the decay channels decrease (typically optical phonons de-
cay into lower energy acoustic phonons), resulting in longer
lifetimes and hence sharper peaks [66]. However, in the
quasiantipolar phase (Teo < T < T¢1), the peak widths re-
main almost constant or slightly decrease, reflecting the trends
observed in the peak frequencies. Below T in the AFE phase,
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they decrease sharply down to about 100 K beyond which
they again begin to increase. All four peak widths behave in a
similar fashion with varying degrees of change.

IV. CONCLUSION

In this work, we have shown that the van der Waals
gapped 2D multiferroic compound CuCrP,S¢ contains mul-
tiple structural phase transitions that are accessible to both
XRD and Raman analysis. These transitions are associated
with structural changes which accompany AFE and AFM
ordering on the Cu and Cr cation sublattices, respectively.
In the former case, AFE ordering manifests as a gradual
transition to a quasiantipolar state at around 190 K followed
by a further transition to a fully antipolar state at 145 K.
These complex transitions are associated with subtle changes
in layer thickness as measured through x-ray diffraction and
traceable differences in Raman peak frequencies and widths.
In addition, from the diffraction data we see possible neg-
ative thermal expansion at low temperatures which may be

attributed to the presence of competing ferromagnetic and
antiferromagnetic ground states. The exact nature of the
coupling between the magnetic and ferroelectric properties
and the lattice itself remains an open question and will be
the subject of intense future investigation. Our temperature-
dependent structural data provide an important reference for
subsequent research into this interesting 2D multiferroic ma-
terial.
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