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Layered multiferroic materials exhibit a variety of functional properties that can be tuned by varying the
temperature and pressure. As-synthesized CuInP2S6 is a layered material that displays ferrielectric behavior
at room temperature. When synthesized with Cu deficiencies, CuInP2S6 spontaneously phase segregates to
form ferrielectric CuInP2S6 and paraelectric In4/3P2S6 (IPS) domains in a two-dimensional self-assembled
heterostructure. Here, we study the effect of hydrostatic pressure on the structure of Cu-deficient CuInP2S6 by
Raman spectroscopy measurements up to 20 GPa. Detailed analysis of the frequencies, intensities, and linewidths
of the Raman peaks reveals four discontinuities in the spectra around 2, 10, 14, and 17 GPa. At ∼2 GPa, we
observe a structural transition initiated by the diffusion of IPS domains, which culminates in a drastic reduction
of the number of peaks around 10 GPa. We attribute this to a possible monoclinic-trigonal phase transition at 10
GPa. At higher pressures (∼14 GPa), significant increases in peak intensities and sharpening of the Raman peaks
suggest a band gap lowering and an isostructural electronic transition, with a possible onset of metallization at
pressures above 17 GPa. When the pressure is released, the structure again phase separates into two distinct
chemical domains within the same single crystalline framework—however, these domains are much smaller
in size than the as-synthesized material resulting in suppression of ferroelectricity through nanoconfinement.
Hydrostatic pressure can thus be used to tune the electronic and ferrielectric properties of Cu-deficient layered
CuInP2S6.

DOI: 10.1103/PhysRevB.104.235421

I. INTRODUCTION

Two-dimensional (2D) materials have recently come into
focus due to their small form factors which enable unique
thermal, electrical, and magnetic properties of interest for
next-generation devices [1–4]. Various materials have been
investigated for the purposes of exploring and manipulat-
ing functional (i.e., magnetism and ferroelectricity) phase
spaces at the nanoscale [5]. Metal thio- and selenophos-
phates (collectively abbreviated here as MTPs) have proven
to be valuable in this respect as this materials family intrin-
sically exhibits the functionalities needed for next-generation
microelectronic devices [6,7]. Their structural backbone com-
prises [P2S6]4– or [P2Se6]4– ethanelike anion groups that
ionically pair with hexagonally arranged metal cations. The
magnetic moments, or the preferred positions of the metal
cations or inside the octahedral cage formed by the chalco-
gen atoms (leading to electric polarization), are directly
responsible for the ferroic ordering noted in many MTP
compositions [6–8].

CuInP2S6 is a van der Waals layered material of interest
due to its ferrielectric nature and above room temperature
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Curie temperature (TC ∼ 315 K in bulk CuInP2S6). The nature
of the ferroelectric transition in this material is due to the
preferred positions of the Cu cations within an individual
lamella. Above 315 K, the Cu atoms equally occupy both the
up and down positions within its octahedron; below 315 K Cu
atoms prefer to be in the up position, leading to spontaneous
electric polarization [9].

Recent work has shown that, when synthesized with Cu
deficiencies, the material spontaneously phase separates into
CuInP2S6 (CIPS) and In4/3P2S6 (IPS) domains within the
same single crystal with a common [P2S6]4– anionic foun-
dation [10,11]; the overall composition can be described as
the charge-balanced Cu1–xIn1+x/3P2S6. Interestingly, these do-
mains disappear upon heating above 500 K when the cations
simply “melt” and form a mobile cation liquid inside the rigid
anion lattice [11]. When cooled below 500 K, the two phases
reform; the size of these domains (and at a microscopic level,
the confinement of ferroelectric ordering [11,12]) depends on
the kinetics through the transition. Rapid quenching results in
nanoscale CIPS domains and suppressed ferroelectric order-
ing. The interplay between the two different crystal structures
leads to an increase in the overall TC of the ferroelectric CIPS
phase [10,11] as well as the presence of a quadruple potential
well for the Cu atomic ordering [13] that appears to be largely
tunable.
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Although some progress has been made with respect to
understanding the relationships between temperature, struc-
ture, and ferroelectric ordering, very little has been done
with respect to investigating the effects of pressure outside
phenomenological studies on the pure-phase CIPS that show
increases in TC with pressure [14–17]. However, no correla-
tion with structure has been proposed. Spurred by this and
recent observations of pressure-induced phase transitions in
a variety of MTP materials such as CuInP2S6 [14], SnP2S6

[18], NiPS3 [19], CrPS4 [20], FePS3 [21], and MnPS3 [22],
as well as other 2D materials [23], we investigate the ef-
fects of hydrostatic pressure on structural ordering and phase
transitions in CuInP2S6-In4/3P2S6 (CIPS-IPS) self-assembled
heterostructures using Raman spectroscopy.

We measure Raman spectra from CIPS-IPS single crystals
under hydrostatic compression up to 20 GPa. Analysis of the
spectral data, combined with temperature-dependent Raman
spectra and electron microscopy reveal discontinuities at four
pressures, which we attribute to transitions in the CIPS-IPS
heterostructures. We observe the initiation of structural disor-
der through the distortion of the IPS sublattice around 2 GPa,
followed by a monoclinic to trigonal transition around 10 GPa.
At the highest pressure, we observe anomalous sharpening of
Raman modes and a decrease in peak intensities, which we
tentatively attribute to electronic transitions and metallization.
Finally, our data also suggest phase segregation of CuInP2S6

and In4/3P2S6 into nanoscale domains, similar to what has
previously been shown for rapid quenching upon cooling from
above 500 K to room temperature.

II. EXPERIMENTAL METHODS

A. Synthesis, chemical, and structural characterization

The details of the crystal synthesis have been described
elsewhere [10]. Briefly, single crystals of CIPS-IPS are syn-
thesized through standard solid-state synthesis techniques.
The precursor In2S3 (prepared from Alfa Aesar Puratronic
elements, 99.999% purity, sealed in an evacuated fused silica
ampoule and reacted at 950 °C for 48 h) is reacted with the
necessary quantities of Cu (Alfa Aesar Puratronic), P (Alfa
Aesar Puratronic), and S (Alfa Aesar Puratronic) to obtain
the composition Cu0.4In1.2P2S6. The starting materials are
sealed in a fused silica ampoule with ∼80 mg of I2 and
loaded into a tube furnace. The furnace is slowly ramped to
775 °C over a period of 24 h and held at that temperature for
100 h. Afterwards, the sample is cooled at a rate of 20 °C/h.
This latter step is crucial in forming large domains as their
size largely depends on kinetics [11]. The total composition,
both with and without compression, is confirmed via electron
dispersion spectroscopy (EDS) analysis in conjunction with a
Zeiss Gemini scanning electron microscope.

High-resolution synchrotron data are obtained on beamline
11-ID-C at the Advanced Photon Source at Argonne National
Laboratory. Temperature-dependent x-ray diffraction (XRD)
patterns are collected in a Linkam THM600 heating/cooling
stage. The samples are ground into a fine powder and carefully
placed in a Cu cylinder to avoid issues related to preferential
orientation in this layered material. This cylinder is in turn
placed in the Linkam stage and purged with inert gas. XRD
patterns are taken from low temperatures to high (with �T <

0.2K) as the CIPS-IPS heterostructure is sensitive to thermal
history. XRD patterns are collected in the transmission mode
using a PerkinElmer large area detector (with a synchrotron
radiation wavelength of 0.117 418 Å). The collected 2D pat-
terns are processed into conventional one-dimensional (1D)
patterns (FIT2D software) and further refined using the FULL-
PROF suite [24].

B. Optical characterization

The pressure studies are conducted in a Merrill-Bassett
type diamond anvil cell (DAC) with Boehler-Almax anvils.
The DAC is fitted with type II-as diamonds with 500 μm
culets, affording a maximum pressure of 20 GPa. A stainless
steel gasket with a 90 μm aperture is placed between the
anvils, and a CIPS-IPS crystal is loaded into the cell along
with a small ruby crystal as a standard. The chamber is then
filled with a 4:1 ratio methanol/ethanol solution which acts
as the pressure transmitting medium [25]. The pressure is
measured using the R1 fluorescence peak of the ruby [26].
Room temperature pressure-dependent Raman spectra are col-
lected using a Renishaw inVia Raman microscope, with a
632.8 nm excitation laser focused through a 50× magnifica-
tion long working distance objective lens onto the CIPS-IPS
crystal within the DAC. Screw-driven pressure is exerted
on the sample manually and spectra are collected with an
excitation laser power of ∼1 μW to minimize heating. Ad-
ditional temperature-dependent Raman spectra (up to 350 K,
just above paraelectric phase transition temperature ∼340 K)
are collected in a Linkam hot/cold microscope stage under
an argon atmosphere. Spectral analysis is performed (in IGOR

PRO) by normalizing intensities with respect to the diamond
Raman peak, followed by a spline baseline subtraction and
Lorentzian peak fitting to extract frequencies and linewidths.

C. Morphological characterization

Atomic force microscopy (AFM) is performed on a
Bruker Dimension Icon AFM equipped with a Nanoscope
V controller. All measurements are performed under ambi-
ent conditions using the tapping mode. TESPA (Nanoworld)
AFM tapping mode tips are used with a force constant of 42
N/m and a resonance frequency of 320 kHz. Unpressurized
CIPS-IPS crystals are cleaved and placed onto a Si/SiO2

substrate. Freshly cleaved flat surfaces are chosen for imaging.
The depressurized CIPS-IPS samples are scanned directly,
within the 90 μm aperture, in the stainless steel gasket used
for the Raman pressure study described above.

III. RESULTS AND DISCUSSION

Schematics of the parent phase CuInP2S6 (CIPS) and
In4/3P2S6 (IPS) crystal structures are shown in Figs. 1(a)
and 1(b), respectively. Under ambient conditions (ferrielectric
phase), the CIPS crystal is monoclinic (space group Cc), and
consists of S6 octahedra bridged by P-P pairs. The metal
cations occupy off-center sites within these octahedra; their
positions are attributed to a second-order Jahn-Teller insta-
bility associated with the d10 electronic configuration of Cu
[27]. The antiparallel displacements of the Cu1+ and In3+

ions account for the room temperature ferrielectric ordering
in CIPS with polarization perpendicular to the layers. IPS, on

235421-2



PRESSURE-DRIVEN PHASE TRANSFORMATIONS AND … PHYSICAL REVIEW B 104, 235421 (2021)

FIG. 1. Top and lateral views of the (a) CIPS and (b) IPS crystal
structures. (c) Refinements of synchrotron XRD data showing the
temperature-dependent evolution of the unit cell dimensions of pure-
phase CIPS, pure-phase IPS, and the two respective phases in the
CIPS-IPS in-plane heterostructure.

the other hand, is paraelectric (also monoclinic, space group
P2/c) at room temperature and its structure consists of an
ordered arrangement of In3+ ions and vacant sites within the
octahedral network.

When synthesized in Cu-deficient conditions, the resultant
single crystals exhibit interesting chemical behavior. Rather
than the formation of an alloy, the crystals comprise two dis-
tinct domains—CuInP2S6 and In4/3P2S6—in a ratio that the
[P2S6]4– backbone common between these two crystal struc-
tures allows for the formation of distinct chemical domains
within the crystal. At T > 500 K, these chemical domains
vanish and the cations form a highly mobile melt within the
rigid anion backbone. The size of these domains depends
on the cooling rate from the uniform high-temperature phase
[10,11]. Structural analysis of a representative composition of
the as-grown, slow-cooled Cu-deficient phase (Composition
Cu0.4In1.2P2S6) is enabled through refinement of synchrotron
XRD data [Fig. 1(c)]. The presence of Cu in trigonal positions
at or near the outer boundary of the lamellae in CuInP2S6

serves to increase layer spacing (the sum of one lamella and
one van der Waals gap) compared to that of In4/3P2S6 (where
the cations are firmly ensconced at the lamella midplane. In
addition, the presence of Cu in CIPS, along with vacant sites
in IPS serves to increase the area per P2S6 structural unit [11]
in the Cu-containing compound. Thus, the unit cell volume
is larger in the native CIPS phase. When CIPS and IPS are
stitched together in a heterostructure, the chemical pressure

FIG. 2. Room temperature ambient pressure Raman spectra
(633 nm excitation) from CIPS-IPS and CIPS.

exerted on the CIPS by the smaller IPS increases the TC of
the ferroelectric transition, following the Clausius-Clapeyron
relationship [10]. This pressure also results in a strain exerted
by the CIPS phase on the IPS domains when the two are in a
heterostructured form. We can see this in the diffraction data
where the strains associated with the ferrielectric transition in
heterostructured CIPS are carried over to the IPS when the two
are in intimate contact [Fig. 1(c)]. This apparent transition in
the otherwise paraelectric IPS has consequences in the Raman
data analyzed below.

To thoroughly characterize the ferroelectric transition in
CIPS-IPS and how it differs from the pure-phase CIPS and
IPS materials, we next compare the Raman spectra of these
materials. An unpolarized, room temperature, ambient pres-
sure Raman spectrum (collected with 633 nm laser excitation)
from CIPS is shown in Fig. 2 (bottom trace). The spectrum
exhibits several peaks between 50 and 650 cm–1 that consist of
external (< 150 cm–1) and internal (> 150 cm–1) vibrations.
The vibrational modes can be divided into five frequency
ranges, and in general are common to all layered MTPs. The
lowest-frequency peaks (< 50 cm–1) and those between 50
and 150 cm–1 correspond to cation and anion librations, re-
spectively. The peaks between 150 and 200 cm–1 and between
200 and –350 cm–1 correspond to deformations of the S-P-P
and S-P-S bonds within the octahedra, respectively (or col-
lectively, anion deformation modes). The high-intensity peak
around 370 cm–1 is attributed to P-P vibrations, and the P-S
(anion) stretching vibrations appear around 450 and 550 cm–1.
Within these groups, some anion deformation modes are sen-
sitive to the type of metal cation. In particular, the peak around
320 cm–1 can be attributed to distortions within the S6 cage
occupied by the Cu+ ions [28]. This is likewise also applicable
for the high-frequency stretching modes where the lower-
(higher-) frequency modes are influenced by Cu (In) cations
[29,30].

The spectrum from CIPS-IPS (top trace in Fig. 2) also ex-
hibits peaks grouped in the same frequency ranges described
above, but is much more complex than the CIPS spectrum.
It contains more peaks that can be attributed to the CIPS
and IPS sublattices within the material. In all, we resolve
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TABLE I. Raman peak frequencies from CIPS-IPS under ambi-
ent conditions and their peak assignments. The peaks in bold text are
discussed further in Fig. 6 in terms of the pressure-dependence of
their frequencies, intensities and linewidths.

Peak Frequency (cm–1) Assignment

1 62.7
2 71.4

Cation3 78.2
4 87.8

5 103
6 116.4 Anion librations
7 126.6

8 139.4
9 159.5 δ(S-P-P)
10 170.7

11 203
12 217.3
13 236.4
14 243.6
15 255.3 δ(S-P-S)
16 269.8
17 283.5
18 299.4
19 311.8

20 378 ν(P-P)

21 448.4
22 548.5 ν(P-S)
23 560.1

24 567.7

25 581.5
26 594.8 ν(P-S)
27 609.5

27 peaks in the room temperature Raman spectrum (fitted
spectrum is shown in Fig. S1 in the Supplemental Material
[31]), and the peak frequencies along with their vibrational
mode assignments are listed in Table I. A comparison of the
CIPS-IPS Raman spectrum with spectra from the pure-phase
CIPS (bottom trace, Fig. 2) and IPS (Ref. [32]) enables us to
identify peaks unique to both sublattices—there are four peaks
in the anion libration region between 100 and 140 cm–1, two
of which can be attributed to CIPS (100 and 114 cm–1) and the
other two to IPS (127 and 140 cm–1). Similarly, between 200
and 300 cm–1, the two most intense peaks appear at ∼255 and
∼ 270 cm–1, and can be assigned to IPS and CIPS, respec-
tively. A peak at 300 cm–1 in the CIPS-IPS spectrum does not
appear in the CIPS spectrum; thus it can be attributed to anion
deformation in IPS. Furthermore, as previously mentioned,
the peak at 320 cm–1 can be assigned to anion deformation
in CIPS. Among the anion stretching modes, the two highest-
frequency peaks around 580 and 610 cm–1 do not appear in the
CIPS spectrum and therefore can be attributed to IPS. We note
that while we have compared the CIPS-IPS Raman spectrum
to pure-phase CIPS and IPS, we cannot preclude mode mixing
or frequency shifts due to strains within the CIPS and IPS
sublattices within the CIPS-IPS lamellae.

Next, we discuss the effect of hydrostatic pressure on
the phonon modes in CIPS-IPS. Figures 3(a) and 3(b) show
Raman spectra upon compression (up to 20 GPa) and decom-
pression, respectively. The spectra in Fig. 3 are normalized
with respect to the highest peak intensity within the plotted
range and vertically offset for clarity. A few general observa-
tions can be made at the outset—the spectra undergo changes
in peak intensities and an overall blueshift in peak frequencies
upon compression. In addition, the Raman spectrum fully
recovers upon decompression. While we do not know if the
layered structures persist under compression at high pressures,
the recovery confirms that the layered structure can be re-
gained upon decompression, without any significant loss of
structure. Beyond these general observations, several subtle
changes upon compression are observable in the spectra and
described in detail below.

Going up in pressure from the ambient to 2.5 GPa, we
observe an abrupt reduction in intensities of several peaks
between 50 and 350 cm–1 [bottom two spectra in Fig. 3(a)].
A previous temperature-dependent Raman study [28] has
shown a significant modulation of intensities of the low-
frequency peaks when pure-phase CIPS is heated above its
ferrielectric-paraelectric transition (∼315 K). It is therefore
tempting to ascribe our pressure-induced intensity modula-
tions to a ferrielectric-paraelectric transition. However, the
TC in CIPS-IPS (∼340 K [10,11]) is higher than the pure-
phase CIPS (TC ∼ 315 K). Moreover, the TC increases linearly
with hydrostatic pressure compression [17,33]. A higher-
symmetry phase above 5 GPa has been observed in CIPS
[14], although it is unclear if ferroic ordering is present at
high pressures. Considering that our measurements were per-
formed at 298 K (∼40 K below the enhanced TC of the
CIPS-IPS heterostructure), it is therefore unlikely that we
are able to observe a ferrielectric-paraelectric transition upon
compression.

Nevertheless, it is instructive to compare the pressure-
dependent Raman spectra to temperature-dependent spectra
collected just above TC . Figure 4 shows this comparison, with
the Raman spectrum from CIPS-IPS at ambient temperature
and pressure (bottom trace), at a temperature just above TC

(350 K, middle trace), and at a pressure of 2.5 GPa (top trace).
Two major differences can be seen between the room temper-
ature spectrum and the spectrum collected just above TC (i.e.,
bottom and middle traces in Fig. 4), both of which are denoted
by red dotted vertical lines in Fig. 3—the loss of intensity of a
peak around 100 cm–1, and a concomitant increase in intensity
of a peak around 550 cm–1. As mentioned above, the peaks at
100 and 550 cm–1 are both attributed to anion librations and
stretching modes in the CIPS sublattice in CIPS-IPS. As the
crystal goes through the paraelectric transition, both cations
undergo displacements such that the In3+ ion moves into a
more central position within the S6 octahedral cage, whereas
the Cu+ ions equally occupy both the up and down positions
within its octahedron. The motion of the Cu+ ions affects the
S6 octahedral cage, which in turn undergoes deformations as
it accommodates the new cation distribution. These octahedral
deformations are likely the cause for the decreased (increased)
intensity of the 100 (550 cm–1) peak above TC . Note that
pure-phase IPS is consistently paraelectric at all temperatures
and hence we do not see any changes in the peaks associated
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FIG. 3. Raman spectra from CIPS-IPS single crystals upon (a) compression and (b) decompression. All spectra are normalized with respect
to the highest-intensity peak and vertically offset for clarity. (c) Optical microscope images of the CIPS-IPS crystals inside the diamond anvil
cell during compression up to 5.1 GPa. The color change indicates a piezochromic effect due to a change in the electronic structure.

with IPS (127, 140, 580, and 610 cm–1) as the temperature
increases.

Returning to the CIPS-IPS crystal, comparing the spectrum
at 350 K with the spectrum at 2.5 GPa (i.e., the middle and
top traces in Fig. 3), we do not observe a decrease (increase)
in intensity of the 100 (550 cm–1) peak, confirming that we
do not see a ferrielectric-paraelectric transition in CIPS-IPS
owing to the pressure-induced increase in TC . However, we do
observe a marked reduction in the intensity of Raman peaks
at 127 and 255 cm–1 (indicated in Fig. 4 by the blue dashed
lines). Note that the corresponding peak frequencies at 2.5
GPa are blueshifted from their ambient pressure values, and
appear at 133.5 and 261 cm–1. As mentioned above, both the
127 and 255 cm–1 peaks are assigned to anion vibrations in
the IPS sublattice, and a reduction of intensities of these peaks
gives us a vital clue into structural changes upon compression.
Under ambient conditions, the IPS sublattice exerts a chemical
pressure on the CIPS domains, and our above x-ray diffraction
measurements of the layer spacings [Fig. 1(c)] indicate that
the heterostructure formation compresses CIPS and expands
IPS both along the stacking direction and within layers. Thus,
it is reasonable to expect the already expanded IPS to undergo

structural distortions when pressure is first applied. The de-
crease in intensity of the 127 cm–1 peak, which corresponds
to long-range anion librations, suggests an extended range
migration and hopping of the In3+ ions among their vacant
sites, accompanied by a reduction in the IPS domains within
each layer.

All of these structural changes are also visible in the op-
tical microscope during compression. In Fig. 2(c), we show
optical microscope images taken from a CIPS-IPS crystal
inside the DAC during compression. At ambient conditions,
a pale yellowish crystal is clearly seen in the center of the
image, and its color progressively darkens upon compres-
sion. The darkening increases up to ∼5 GPa, above which
nothing is visible beyond 5 GPa, and this persists up to
the highest pressure (20 GPa). The change in color or re-
flectance of the crystal under pressure is a direct consequence
of piezochromism and the resulting change in the electronic
structure of the material. This effect has been observed pre-
viously in other metal thiophosphates [22,34] and attributed
to lowering of the electronic band gap and subsequent metal-
lization, and is discussed further below. Upon decompression,
the crystal regains its original color, supporting our hy-
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FIG. 4. Comparison between Raman spectra from CIPS-IPS at
low pressure (and room temperature) and across the ferrielectric-
paraelectric transition temperature (TC ∼ 340 K). The dotted
(dashed) lines indicate peaks with discernible changes in intensities
upon heating (compression).

pothesis of recovery of the layered structure when pressure
is released.

To highlight all the changes in the phonon modes in CIPS-
IPS throughout our pressure range (i.e., up to 20 GPa), a 2D
heat map of the Raman spectra (normalized with respect to
the diamond peak intensity) is plotted in Fig. 5. In addition to
the structural changes in the IPS sublattice below 2 GPa, we
observe distinct discontinuities at four other pressures; these
are indicated by the horizontal dashed lines in Fig. 5. Between

FIG. 5. 2D heat map showing the shift in Raman peak frequen-
cies from CIPS-IPS upon compression. The color scale corresponds
to peak intensities (counts) normalized to the diamond Raman peak.

2 and 10 GPa, we observe a severe reduction of intensities
of the low-frequency anion librational modes (<200 cm–1).
The peaks that remain visible exhibit a monotonous hardening
of their frequencies with increasing pressure; this hardening
persists throughout our measured pressure range. We do not
observe softening in any modes, indicating a lack of soft
modes. This also suggests a lack of a displacive phase tran-
sition in CIPS-IPS and therefore any phase transition is likely
to be of the order-disorder type (similar to that observed in
CIPS). Above 10 GPa, we see an abrupt increase in peak
intensities. These increases in intensity are seen much more
clearly in Fig. 5 compared to Fig. 3 due to normalization of
the spectra with respect to the Raman peak intensity from the
diamond cell.

To better understand and correlate the spectral evolution to
structural or electronic changes upon compression, we plot the
frequencies, normalized intensities, and FWHM (full width
at half-maximum intensity) against pressure for seven peaks
from the CIPS-IPS Raman spectrum [Figs. 6(a)–6(d)]. These
peaks correspond to anion libration [P8, 139.4 cm–1 at ambient
pressure, Fig. 6(a)], anion deformation [P16, P17, and P18,
at 270, 283.5, and 299.4 cm–1, respectively, Fig. 6(b)], P-P
stretching [P20, 378 cm–1, Fig. 6(c)], and anion stretching [P23
and P25 at 560 and 581.5 cm–1, respectively, Fig. 6(d)]. The
pressure dependence of the frequencies of many of the other
peaks is included in the Supplemental Material, Fig. S2 [31].

Under compression, pure-phase CIPS is known to undergo
a monoclinic-trigonal structural phase transition around 5 GPa
[14]. This transition is accompanied by several changes in the
Raman spectra, notably, a reduction in the number of peaks
owing to the higher symmetry of the trigonal crystal structure,
as well as the appearance of new peaks between 200 and
350 cm–1. But unlike the case of CIPS, we do not observe
any new peaks appearing around 5 GPa. We do observe a
sharpening of the P-P stretching vibration [P20, Fig. 6(c)],
as well as the two anion stretching modes [P23 and P25,
Fig. 6(d)] up to 5 GPa. In fact, the greatest changes in the
spectra are observed around 10 GPa with a drastic reduction
in the number of peaks and a sharp increase in intensity of
the remaining peaks. The increase in intensity can be seen
clearly in the heat map (Fig. 5) as well as Figs. 6(a)–6(d). The
decrease in the number of peaks is akin to what is observed
for the monoclinic-trigonal phase transition in CIPS around
5 GPa [14]. We thus propose that CIPS-IPS also undergoes
a transition from the monoclinic phase to a trigonal crystal
structure, but at a higher pressure ∼10 GPa. It is not clear
from the spectra how the CIPS and IPS sublattices rearrange
through this phase transition. However, the evolution of the
low-frequency peaks provides insights. Throughout our com-
pression study, we see that the Raman peaks between 100 and
300 cm1 (anion librations) do not disappear completely (a
higher-magnification view of this region is shown in Fig. S3
[31]). Moreover, a peak around 88 cm–1, arising from cation
vibrations, persists throughout our measured pressure range.
These trends suggest that the cation diffusion, which begins
below 2 GPa, continues through the structural transition at
10 GPa. The cation hopping likely results in a reduction and
redistribution of the CIPS and IPS sublattices, eventually lead-
ing to a homogeneous phase at high pressures. This is similar
to the structure observed at high temperatures [11].

235421-6



PRESSURE-DRIVEN PHASE TRANSFORMATIONS AND … PHYSICAL REVIEW B 104, 235421 (2021)

FIG. 6. Evolution of peak frequencies, normalized intensities,
and linewidths with pressure.

A possible reason for the monotonic increase in intensity
of P20, P23, and P25 between 10 and 17 GPa [Figs. 6(c)
and 6(d)] could be resonance enhancement due to band gap
reduction with pressure. The electronic band gap of MTP
materials is known to decrease upon compression, with ob-
servations of indirect to direct band gap transition in SnP2S6

[18]; semiconductor-metal transitions in CrPS4 [20], MnPS3

[22], and NiPS3 [35]; and even superconductivity at high
pressures and low temperatures in FePSe3 [21,36]. The band
gap of CIPS under ambient conditions is ∼2.8 eV [37], and
a decrease in the band gap on compression would bring it
closer in resonance to our Raman excitation energy (1.96
eV). A pressure-induced change in the electronic structure of
CIPS-IPS is further supported by an anomalous peak sharp-
ening for some of the peaks [P8, Fig. 6(a) and P23, Fig. 6(d)]

FIG. 7. Structural analysis before and after compression. (a) Ra-
man spectrum collected before compression and after decompression
back to ambient pressure, and EDS (or AFM) maps showing the
evolution of the microstructure in the as-prepared single crystals and
after decompression. (b) Secondary electron image of the CIPS-IPS
heterostructured crystal showing smooth surface. The striations in
the EDS image of the as-grown CIPS-IPS crystal (c) correspond
to the CIPS (red) and IPS (green) sublattices. These are signifi-
cantly reduced in size upon decompression (d,e), leading to a loss
of ferroelectric order. (f) AFM phase image from a freshly cleaved
surface of the as-prepared CIPS-IPS crystal. The domains of the
CIPS and IPS can be clearly distinguished. (g) AFM phase image
of the decompressed crystal showing a loss of domain structure.

seen between 13 and 17 GPa. Owing to anharmonic effects,
Raman modes typically harden and broaden with increasing
pressure [38]. While we do observe the hardening of all the
modes over the entire pressure range, the decrease in the
FWHM of peaks between 13 and 17 GPa without affecting
peak frequencies suggests an isostructural electronic transi-
tion. Such transitions, accompanied by metallization, have
been observed previously in other ferroelectric materials such
as Hg3Te2X2 (X = Cl, Br) [39], PbCrO3 [40], and AgBiSe2
[41]. Pressure-driven modulation of the electronic structure is
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also supported by our observation of color changes at higher
pressures [Fig. 1(c)].

At the high-pressure limit of our study, we observe a
plateau or a decrease in peak frequencies, accompanied by a
decrease in intensities and broadening of the peaks (Fig. 6).
This occurs between 16 and 17 GPa and is possibly due to
an onset of metallization of the CIPS-IPS at high pressures,
similar to what has been observed in other MTP materials
[42]. Pressure-dependent electrical resistance measurements
are needed to verify our hypothesis, in addition to multi-
excitation Raman spectroscopy studies under pressure for
verification of resonance-enhanced peak intensities. Future
computational studies can also address the question of band
gap reduction and metallization.

Finally, we investigate the CIPS-IPS structure following
decompression. Figure 7(a) shows Raman spectra collected
from the as-prepared sample prior to compression (labeled
“before”) and after decompression and return to ambient pres-
sure (labeled “after”). The spectra are normalized with respect
to the highest-intensity peak around 255 cm–1. A number of
differences in the intensities of peaks can be observed in the
spectrum after decompression. Note that these two spectra are
not collected from the same spot owing to sample movement
under compression/decompression. However, spectra col-
lected from multiple spots after decompression exhibit similar
differences compared to the spectrum before compression. A
few of the notable changes are decreases in intensities of peaks
around 100 cm–1 (anion librations in CIPS), 320 cm–1 (anion
deformation in CIPS), and 568 cm–1 (anion stretching mode
in CIPS). All three peaks correspond to vibrations in the CIPS
sublattice, suggesting a significant structural rearrangement of
the CIPS sublattice upon decompression. The corresponding
anion libration modes from IPS, at 127 and 140 cm–1, do not
exhibit a significant reduction in their intensities. Likewise,
the anion deformation mode around 255 cm–1 retains its inten-
sity after decompression, with a slight redshift in frequency
(by 1 cm–1), which could be attributed to residual tensile
strain. The reduction of intensities of the CIPS Raman peaks
also hints at the disappearance of ferroelectric order. In fact,
the reduction of intensities of the same peaks is also observed
upon rapid quenching from 510 K (i.e., above the structural
phase transition temperature) to room temperature [11].

We reveal these structural changes through different mi-
croscopic characterization techniques. Figures 7(b)–7(e) show
the chemical composition of the CIPS-IPS crystal and the
changes brought on through pressure. The secondary electron
(SE) image [Fig. 7(b)] shows a smooth crystal surface without
any evidence of multiple domains, even though we expect
to observe two distinct domains corresponding to CIPS and
IPS. However, these domains are revealed in the chemical
maps obtained by electron dispersive spectroscopy (EDS).
Figure 7(c) shows the distinct chemical domains in the as-
grown crystal. The In4/3P2S6 domains (green in the image)
manifest themselves as distorted diamonds in a CuInP2S6

matrix (red). The domains vary in size but are roughly 5–15
μm in length and 2–4 μm in width. When pressurized to ∼20
GPa and released, the CIPS-IPS crystal undergoes a phase
transition into a uniform single phase, as mentioned above.
Upon the release of pressure, this single phase resegregates

into distinct CIPS and IPS phases, as visible in the Raman
results. However, the domains are much smaller and cannot
be resolved down to 1 μm resolution, roughly the ultimate
resolution of our EDS detector [Figs. 7(d) and 7(e)].

Figures 7(f) and 7(g) show AFM phase contrast images
collected before and after compression. The corresponding
topography images are included in the Supplemental Material,
Fig. S4 [31]. The diamondlike IPS sublattices can be seen
clearly in the AFM image from the as-grown crystal, with
lateral sizes commensurate with the sizes seen in the EDS im-
ages. Some debris arising from the cleavage of the crystal can
also be seen. The phase images of the decompressed CIPS-IPS
sample [Fig. 7(g)] show a complete loss of phase structure. We
see some small striations which can potentially be attributed
to size-reduced domains of the IPS sublattice. However, upon
observation using a smaller scan window (∼200 × 200 nm
[31]), no structural information can be obtained. The transi-
tion to a crystalline yet chemically disordered (with respect to
the metal cation) phase structure as evidenced by both EDS
and AFM further suggests the loss of ferroelectric order and
demonstrates the use of pressure to control the phase behavior
and, thus, the ferroelectric properties of the material.

IV. CONCLUSIONS

We measured Raman spectra of Cu-deficient CuInP2S6

(CIPS-IPS) under hydrostatic pressures up to 20 GPa. By
comparing the spectrum of CIPS-IPS to pure-phase CIPS and
IPS, we identify several vibrational modes unique to either
sublattice. A number of changes to the phonon modes are
observable upon compression and a detailed analysis of the
frequencies, intensities, and linewidths reveal four pressures
at which a transition occurs. At the lowest transition pres-
sure (∼2 GPa), we observe significant reduction of the IPS
peaks, suggesting that the structural transition is initiated
by diffusion of In3+ ions. This results in a phase transition
around 10 GPa, which we attribute to a monoclinic-trigonal
phase transition owing to the reduction in number of peaks
in the higher-symmetry crystal structure. We also observe
anomalous sharpening of Raman peaks and a loss of intensity
at the highest pressures, which are tentatively attributed to
electronic transitions (band gap reduction and metallization).
Finally, compression results in a loss of ferroelectric order,
which is confirmed by the reduction in the average CIPS and
IPS domain size below the ferroelectric limit (∼50 nm). By
uncovering rich pressure-dependent physics in CIPS-IPS, we
highlight hydrostatic pressure as a way to control the elec-
tronic and ferroelectric properties in this unique 2D material.
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