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ABSTRACT
Complex chalcogenides are renowned for their tunable electronic, magnetic, and optical properties under external stimuli. The MPX3 family
(M = Mn, Ni, Co, V; X = S, Se) is a platform for many exciting discoveries—especially under compression—although CdPS3 is thought
to be different because the Cd center possesses a filled 4d shell, which precludes Mottness. Here, we combine synchrotron-based infrared
absorbance and Raman scattering spectroscopies with diamond anvil cell techniques, complementary lattice dynamics calculations, and an
analysis of the energy landscape to reveal a series of structural phase transitions in CdPS3. We find four distinct pressure-driven transitions,
with low frequency modes detectable over the full 35 GPa range of our investigation. A group–subgroup analysis along with our first-principles
calculations allows us to partially unravel the space group sequence. For instance, the first critical pressure is a monoclinic C2/m to trigonal R3̄
transition at 10 GPa. Despite the softness and overall sensitivity to pressure, we do not locate an insulator-to-metal transition in this pressure
range, indicating that the energy scale for gap closure is significantly higher than expected. We discuss these findings in terms of force-induced
color change and Mott vs band character in this system.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0274796

I. INTRODUCTION

Among the family of van der Waals magnets, antiferromag-
netic insulators with chemical formula MPX3 (M = Mn, Ni, Co,
V, Cd; X = S, Se) are attracting considerable attention.1–4 In addi-
tion to natural chemical tunability,5,6 these materials are sensitive
to external stimuli such as magnetic field,7–11 pressure,12–15 strain,16

and light,17,18 as well as layer number via exfoliation.19,20 Compres-
sion is extraordinarily effective for manipulating properties because
in addition to controlling bond lengths and angles, it modifies the
van der Waals gap and the c/a ratio.21–24 This gives rise to a number

of distinctive qualities including layer sliding, insulator-to-metal
transitions, magnetic dimensionality crossovers, superconductivity,
piezochromism, and the possibility of polar metal and orbital-
selective Mott states.24–28 From the structural point of view, these
systems comprise [P2S6]

4− dimers, with transition metal centers
forming a honeycomb lattice around the dimers.29,30 Despite the
common structural building blocks, no two of the MPX3 mate-
rials host the same sequence of transitions or properties under
compression, suggesting that each is more singular than previously
supposed.3 As the nonmagnetic analog in this set of compounds,
CdPS3 is especially under-explored.31–35 An important consequence
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of the filled 4d orbitals in this system is that Mottness25,36,37 may be
inhibited in favor of band-like character. At the same time, there are
continuing questions about how to grow stoichiometric CdPS3, the
true nature and sequence of the high pressure transitions, and over-
all structural stability that the current literature has been unable to
resolve.33,34 We therefore decided to revisit the high pressure vibra-
tional properties of CdPS3 with special emphasis on the role of filled
Cd2+ 4d orbitals and the structure–property relations that can be
unraveled in this class of materials.

In this work, we combine synchrotron-based infrared
absorbance and Raman scattering spectroscopies with diamond
anvil cell techniques and complementary first-principles calcu-
lations to uncover the series of structural phase transitions in
CdPS3. Analysis of the phonon behavior under compression reveals
critical pressures at 10, 18, 29, and 33 GPa—all of which take
place without triggering an insulator–metal transition. Comparison
with predicted mode trends allows us to unravel the monoclinic
C2/m → R3̄ symmetry crossover at PC,1 = 10 GPa. Although the
R3̄ space group is not a direct super-group of C2/m, the van der
Waals gap is unusually wide in this system, which may allow related
structures with the same number of atoms/unit cell to become
stable. At the same time, we find that the energy scale for bandgap
closure is significantly higher than expected. We discuss blocking
of the insulator-to-metal transition in terms of screening of the
charging energy U (which makes the on-site Coulomb interactions
irrelevant) and the large van der Waals gap. The rate of bandgap
closure is sensitive to these effects as well: −30 meV/GPa in CdPS3
vs −50 meV/GPa in MnPS3.27 The difference is presumably due to
enhanced Coulomb interactions in the Mn analog.

II. METHODS
A. Synthesis and characterization of CdPS3

High quality single crystals of CdPS3 were grown via chemical
vapor transport.38 Stoichiometric amounts of Cd (Thermo Scien-
tific, 99.99% purity), P (Alfa Aesar, 99.999% purity, metals basis),
and S (Alfa Aesar, 99.9995% purity, metals basis), totaling ∼3.2 g,
were homogenized in an argon-filled glovebox. The resulting mix-
ture was then transferred into a silica ampoule along with 0.035 g
of iodine (I2). The ampoule was subsequently sealed under vacuum.
The synthesis was conducted in a one-zone tube furnace, set to a
temperature of 650 ○C with a heating rate of 2 ○C/min. Using the
natural gradient of the furnace, a temperature difference of ∼60 ○C
between the hot and cold ends of the ampoule was maintained for
8 days. Following the synthesis, the furnace was allowed to cool
to room temperature. Single crystals were obtained at the “cold”
end of the ampoule, appearing as predominantly transparent, col-
orless flakes with a slight yellow tinge observed in some clusters.
After the synthesis, x-ray diffraction was performed using Cu Kα
radiation with λ = 1.540 598 Å using an Empyrean instrument (40
mA, 45 kV). The sample was prepared by grinding to a fine powder
and placing the material on a low-background silicon sample holder
to minimize background interference. X-ray diffraction peaks for
the restricted hkl indices for the C2/m space group were obtained
by Rietveld refinement. The x-ray diffraction analysis is presented
in the supplementary material. This verifies the quality of our
crystals.39

B. Loading the diamond anvil cell
for high-pressure measurements

To study high pressure phases in CdPS3, we loaded a care-
fully selected crystal into a symmetric diamond anvil cell from Jade
Corporation. The cell had type 2as diamonds and 400 μm culets.
We used a stainless steel gasket with a hole size of 100 μm and a
thickness of ∼60 μm. Along with the sample, a pressure medium
and an annealed ruby ball were also loaded. We employed both
KBr and petroleum jelly as the pressure medium depending upon
the measurement. Proper selection of the pressure-transmitting
medium ensured that the pressure distribution across the sample
was quasi-hydrostatic. The fluorescence of the ruby ball was used
for pressure determination as shown in Fig. S2 of the supplementary
material.40,41 Additional detail is available in the supplementary
material.

C. Vibrational spectroscopies
We performed accelerator-based infrared spectroscopy using

the 22-IR-1 beamline at the National Synchrotron Light Source II
at Brookhaven National Laboratory. Experiments were carried out
in transmittance mode over the 50–750 cm−1 range, employing a
Bruker 80v Fourier transform infrared spectrometer and bolome-
ter or MCT detector. The spectral resolution was 4 cm−1. Raman
scattering measurements were performed in the back-scattering
geometry on a Horiba LabRAM HR Evolution Raman spectrom-
eter over the 0–750 cm−1 frequency range. We used an excitation
wavelength of 532 nm, a power of 0.15 mW, an 1800 lines per mm
grating, and a liquid nitrogen-cooled CCD detector. To enhance the
signal/noise ratio, we integrated for 10 sec and averaged three times.

D. Symmetry analysis
We carried out a group–subgroup analysis using our analysis of

frequency vs pressure trends along with the Bilbao Crystallographic
Server.42 We used the appearance and disappearance of different
phonons and the symmetry operations that they represent to move
up and down the symmetry tree and to determine the symmetry pro-
gression. At the same time, we tested a number of space groups that
have been seen in related van der Waals materials.3 Candidates were
examined by calculating their energies relative to other candidates
under those conditions, relaxing the structure to one with a suit-
able match to the experiment and comparing the calculated lattice
dynamics of that candidate structure to our experimental results.

E. Lattice dynamics calculations
Density functional theory calculations were carried out using

the projector-augmented-wave (PAW) method as implemented
in Vienna Ab initio Simulation Package (VASP).43,44 A revision
of the Perdew–Burke–Ernzerhof generalized gradient approxima-
tion for solids (PBEsol) was chosen as the exchange–correlation
functional.45 For comparison, a revised Strongly Constrained
and Appropriately Normed (r2SCAN) semilocal functional46 and
the Heyd–Scuseria–Ernzerhof (HSE06) hybrid functional47 were
employed. We employed gamma-centered k-meshes where the
number of the k-grid points along the direction of each recipro-
cal lattice vector multiplied by the corresponding Bravais lattice
vector (in Å) is close to 50. For all self-consistent calculations,
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plane wave energy cutoff and energy convergence criterion were
set to 500 and 10−8 eV, respectively. Internal atomic coordinates
were relaxed until Hellmann–Feynman force on each atom sat-
isfies convergence criteria, 10−4 eV/Å. To compute infrared and
Raman-active modes of vibration, we employed the PHONOPY code
interfaced with VASP.48,49 The mode-decomposed phonon frequen-
cies were calculated as a function of pressure to compare with the
experimental phonon frequencies.

III. RESULTS AND DISCUSSION
A. CdPS3 under ambient conditions: Vibrational
modes, symmetry assignments, and crystal quality

Figures 1(a) and 1(b) display the vibrational properties of
CdPS3 under ambient conditions. We assign the Raman and infrared
spectral features based upon group theory and complementary
lattice dynamics calculations. For a monoclinic structure in the
C2/m space group, group theory predicts 12 infrared-active modes
(5Au + 7Bu) and 15 Raman-active modes (8Ag + 7Bg).42,52,53 We
observe nine infrared-active features (4Au + 5Bu) and nine Raman-
active phonons (7Ag + 2Bg) in our experimental data. Presumably,
the others have weak intensities or are in different directions. These
symmetries are indicated in Fig. 1 and listed in Tables SI and SII
of the supplementary material alongside experimental and theoreti-
cal frequencies and mode displacement patterns. For instance, the
lowest frequency Bg mode at 27 cm−1 is assigned to buckling of
the Cd honeycomb lattice, and the Ag mode near 78 cm−1 is the
dimerization of Cd atoms along the b-direction of the C2/m unit cell
within the honeycomb layers. Taken together, these findings place
the mode assignments and overall vibrational pattern of CdPS3 on a
firm foundation.

There are important crystal quality issues to highlight as well.
In our hands, CdPS3 displays two well-defined Raman-active lattice
modes near 27 and 78 cm−1, in excellent agreement with our dynam-
ics calculations [Fig. 1(a)]. This is quite different from Refs. 33 and

35, where the lowest frequency mode is absent under ambient con-
ditions. Presumably, this is because the Cd-related phonons are not
well developed when stoichiometry is problematic. In fact, the stoi-
chiometry is reported to be Cd0.89P0.9S2.5 in Ref. 35. This underscores
the synthetic challenge with these materials and demonstrates the
importance of well-characterized crystals. Naturally, we performed
x-ray diffraction to identify the phase and confirm the quality of
our crystals. All observed peaks are attributed to CdPS3 [Fig. 1(c)],
with no additional features detected from other phases (e.g., S, CdS2,
CdO), which are known potential by-products of the growth process.
Rietveld refinement yields the best fit for a C2/m crystal structure,
consistent with the predicted model. Additional details are available
in the supplementary material.

B. Vibrational properties of CdPS3 under pressure
Figures 2 and 3 summarize the vibrational properties of CdPS3

as a function of pressure. The ability to bring infrared and Raman
scattering techniques together is one of the many distinctive aspects
of our work. It allows us to perform a group–subgroup analysis
and at least partially unravel the sequence of pressure-driven struc-
tural phase transitions in this material.42,53 In addition, infrared
spectroscopy provides insights into electronic properties such as
metallicity, with identifiable characteristics due to the development
of a Drude response and phonon screening.54 As usual, we identify
critical pressures by analyzing the appearance or disappearance of
peaks and inflection points in the frequency vs pressure data. The
vibrational properties of CdPS3 are reversible upon pressure release
as discussed in the supplementary material.

C. Raman scattering of CdPS3 under pressure
Figures 2(a) and 2(b) summarize the Raman scattering

response of CdPS3 as a function of pressure. The spectral features
are sharp and well-separated, so we can easily track their behavior.
We immediately notice that all modes harden under compression.

FIG. 1. Crystal structure and vibrational properties of CdPS3. [(a) and (b)] Raman scattering and infrared absorbance of CdPS3 under ambient conditions along with the
theoretically predicted phonon frequencies for the C2/m space group as orange spheres. The mode symmetries are labeled. (c) X-ray diffraction pattern of powdered CdPS3,
photo of the single crystal, and the C2/m crystal structure,50 where Cd, P, and S are indicated using purple, gray, and yellow spheres and visualized using VESTA software.51

The sheet thickness is 3.89 Å, and the van der Waals gap is 3.95 Å. These values are obtained from a crystal structure analysis. Compared to the other MPS3 materials,
these values are large. As a result, the interlayer binding energy is small, making it easy for layers to slip.
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FIG. 2. Raman scattering of CdPS3 under compression. (a) Raman scattering
response as a function of pressure. Only selected curves are shown. A fuller set
of data is included in the supplementary material. The pressures are labeled, and
arrows indicate features of interest. The spectra associated with the C2/m phase
are shown in black, and those in the higher pressure phases are shown in red
(HP1), pink (HP2), blue (HP3), and green (HP4), respectively. (b) Frequency vs
pressure plot of these data at room temperature. The dashed line near 200 cm−1 in
panel (b) guides the eye. The black dashed lines denote critical pressures. Phonon
intensity is indicated by the size of the blue symbols.

Two pairs of phonons also condense near 10 GPa. At 18 GPa, we
observe the development of a subtle peak near 314 cm−1. Additional
features also appear above 29 GPa due to a symmetry reduction.
Furthermore, a new peak emerges at 612 cm−1 accompanied by
the appearance of several additional phonon modes in the low
frequency region near 33 GPa, adding to the complexity in this
system under pressure. The development of these additional fea-
tures suggests an overall reduction in symmetry with increasing
pressure. This sequence allows us to define four critical pressures
(PC,1 = 10 GPa, PC,2 = 18 GPa, PC,3 = 29 GPa, and PC,4 = 33 GPa) and
five independent phases (C2/m, HP1, HP2, HP3 and HP4).

While the critical pressure at 10 GPa is confirmed by prior
Raman scattering measurements and theoretical predictions,33,34

our work differs from the literature in several important aspects. In
the results of Niu et al., the 80 cm−1 feature disappears by 1.1 GPa,
and the 30 cm−1 peak appears only at 1.1 GPa and splits at higher
pressure.33 This is not what we find. Instead, both the lattice modes
near 27 and 78 cm−1 are clearly present under ambient conditions
and develop systematically across the full pressure range. Of course,
they become more challenging to track at higher pressure, but that
does not obscure the main point, which is that in high quality sam-
ples, the spectra below 100 cm−1 are beautifully simple. We conclude
that sample stoichiometry is incredibly important. At the same time,
Li et al. theoretically predict a transition from monoclinic C2/m to
trigonal R3̄ at 1.5 GPa.34 In our hands, R3̄ is in close proximity
to C2/m, but we assign it to the crossover at 10 GPa as discussed
below.

D. Infrared properties of CdPS3 under pressure
Figure 3 summarizes the synchrotron infrared absorbance of

CdPS3 under compression. These measurements reveal four criti-
cal pressures and five distinct phases and provide information on

FIG. 3. Infrared absorbance of CdPS3 under compression. [(a) and (c)] Close-
up views of infrared absorbance as a function of pressure. Selected curves are
shown to highlight spectral changes. A more complete dataset is provided in the
supplementary material. [(b) and (d)] Frequency vs pressure plots for these data at
room temperature. Pressures are labeled, and arrows + circles point out features
of interest. Due to sensitivity issues, it is difficult to resolve the three phonons near
100 cm−1, so we track only the main peak. The black dashed lines denote critical
pressures, and the weak intensity phonons are indicated with small blue circles in
panels (b) and (d). Spectra associated with the C2/m phase are shown in black and
those for high pressure phases are shown in red (HP1), pink (HP2), blue (HP3),
and green (HP4), respectively.

symmetry breaking and restoration involving the odd-symmetry
vibrational modes. In addition to subtle slope changes in several
modes, PC,1 is defined by how the Au symmetry P–S stretching mode
near 578 cm−1 crosses the 565 cm−1Bu mode. PC,2 is indicated by
the disappearance of a Bu symmetry mode near 500 cm−1 and the
appearance of peaks at 250 and 255 cm−1. The latter are precisely
identified by model oscillator fits (using Voigt functions) to resolve
the individual peaks and their trends.55 Several noticeable intensity
changes mark PC,3. At PC,4 = 33 GPa, the 232 cm−1 mode disap-
pears, and the 627 cm−1 peak changes intensity. Therefore, the full
sequence of pressure-induced phase transitions in CdPS3 is verified
by our infrared work. A similar complicated sequence of structural
phase transitions is observed in NiPS3,24 but what differentiates
CdPS3 from this system is that the insulator-to-metal transition is
absent. In fact, the infrared absorbance spectra of CdPS3 display no
evidence for metallicity under any pressure conditions that we have
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FIG. 4. Color change of CdPS3 under compression: Photographs of piezochromic
CdPS3 inside the diamond anvil cell at various pressures. The gasket hole in the
ambient pressure image is 100 μm in diameter and serves as a relative scale bar.
The gasket hole likely expands by a few percent under compression.

explored up to 35 GPa (Fig. 3). The absence of a Drude free car-
rier response demonstrates that this system does not undergo an
insulator-to-metal transition even at 35 GPa. As a reminder, a Drude
oscillator is a broad electronic band centered at zero frequency
that screens the phonon modes due to developing metallicity. This
behavior contrasts with other members of the MPX3 family, such
as CoPS3,56 V0.5PS3,36 NiPS3,13,24 MnPS3,27 FePS3,23,57 CrPS4,57 and
CrPS3

58 where metallicity has been reported as low as 7 GPa and
as high as 23 GPa. We conclude that the heavy Cd2+ cation, with
its filled 4d orbitals, plays a key role in stabilizing the electronic
structure, thereby inhibiting the delocalization of electrons that
typically leads to metallization.24,27,28,59,60 The material maintains
its semiconducting character even up to 35 GPa and as a result
reveals a full sequence of structural phase transitions. This resistance
to pressure-induced metallization deviates from prior literature,34

which proposed (but did not verify) a transition to a metallic state at
25 GPa. This is why it is so important to measure the infrared—and
not just the Raman—response.

We can verify this finding by examining the color properties
of CdPS3 (Fig. 4). The crystals are colorless under ambient condi-
tions, yellow near 10 GPa, orange at 29 GPa, and a reddish-brown
near 33 GPa. This suggests that the bandgap remains open (although
it is closing gradually) and that the Cd compound does not host a
transition to the metallic state under the conditions explored here.61

Instead, CdPS3 retains semiconducting character, and the insulator-
to-metal transition either (i) takes place at much higher pressures or
(ii) is blocked entirely. This is quite different from MnPS3, which
undergoes a dramatic color change from green → yellow → red
→midnight black and systematic reduction of the bandgap (at a rate
of −50 meV/GPa) before the gap closes and metallicity emerges at
20 GPa.27 The bandgap appears to drop more slowly in CdPS3 com-
pared with the Mn and Ni analogs (Fig. S6, supplementary material).
As discussed below, this may be a consequence of band vs Mott
character in this system.

E. Understanding the structural phase
transition at 10 GPa in CdPS3

We begin by focusing on PC,1, which is a transition from mon-
oclinic C2/m to a new higher symmetry state. It is evidenced by
the condensation of a pair of Raman-active Ag modes and a pair
of Ag + Bg Raman-active features as well as a crossing of the Au
and Bu modes in the infrared. Substantial volume changes have been
reported in the vicinity of 10 GPa,33,34 and prior Raman scattering

and theoretical work suggest that the system evolves from C2/m to
R3̄ to trigonal P3̄1m across this pressure range.33,34 What differ-
entiates our effort from the earlier work is that we can track the
behavior of both even- and odd-symmetry vibrational modes and
use the trends to better confirm (or eliminate) certain space group
candidates.

We employed the Bilbao server to analyze different symmetry-
allowed pathways,24,42,52,62 and we applied group–supergroup rela-
tionships to identify possible space groups linked to the symmetry
changes in CdPS3 across PC,1. This method normally works well
because the irreducible representations of different crystal phases
fully reflect the symmetry of the entire crystal.24,63 The challenge
in this case is that the space groups are very close. The analysis
yields several candidates including P3̄1m, P2/m, Pmmm, Fmmm,
and P6/mmm. We also considered other space groups that have been
observed in the MPS3 family of complex chalcogenides such as R3̄,
P3̄, P3̄m1, and P3.24,27,57,64 These candidates were further refined by
examining the overall number of infrared- and Raman-active vibra-
tional modes expected for each of the supergroups and comparing
the results with our spectral data. Two candidates stood out: P3̄1m
and R3̄. The calculated phonon modes for CdPS3 in each of these
space groups are shown in Fig. S5, supplementary material. Further
examination reveals that R3̄ provides the superior match. Figure 5
displays the calculated phonon frequencies of CdPS3 under com-
pression. Note that the trend is the most continuous when assuming
the transition point to be P = 5 GPa, which is smaller than the exper-
imental critical pressure (10 GPa). Also the lowest Bg mode becomes
soft beyond 5 GPa [Fig. 5(a)], unlike what we find in our experi-
ments [Fig. 2(b)]. Such discrepancies may originate from the neglect
of long-range force constants.

From a comparison of relaxed structures and computed
enthalpies vs pressure of the C2/m, P3̄1m, and R3̄ phases (Fig.
S7, supplementary material), we expect that the first pressure-
induced structural transition occurring at 10 GPa is from the C2/m
to R3̄ phases for the following reasons: (i) the slopes of Raman-
and infrared-active modes [Figs. 5(a) and 5(b)] remain smoother
in C2/m→ R3̄ transition at the critical pressure than those in

FIG. 5. Computed phonon frequencies of CdPS3 under compression: phonon fre-
quencies computed via ab initio electronic structure calculations as a function of
pressure, where (a) Raman- and (b) infrared-active mode are plotted. Note that
phonon frequencies from the C2/m and R3̄ structure are shown in the pressure
intervals of 0 ≤ P ≤ 5 and 5 ≤ P ≤ 10 GPa, respectively.
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TABLE I. Electronic configuration, bandgap, and pressure-driven insulator-to-metal
transition of CdPS3 compared with several members of the MPS3 family of materials.

Electronic
Material configuration Bandgap (eV) PIMT (GPa) Reference

CdPS3 Cd2+, 4d10 3.54 ≥35 This work
MnPS3 Mn2+, 3d5 2.64 20 27
FePS3 Fe2+, 3d6 1.5 13.6 57
CoPS3 Co2+, 3d7 1.5 6.7 56
NiPS3 Ni2+, 3d8 1.6 23 24

C2/m→ P3̄1m and (ii) the presence of the lowest Bg mode located
below 50 cm−1 in the experimental Raman spectra [Fig. 2(b)], which
should connect to the Ag mode in the R3̄ structure beyond the first
transition, is completely absent in the P3̄1m phase [Figs. S5(a) and
S5(b), supplementary material]. Hence we conclude that the first
transition is likely to be from C2/m to R3̄. Our enthalpy calculation
[Fig. S7(b), supplementary material] supports this conclusion and is
consistent with other theoretical predictions.33,34

F. CdPS3 is a band insulator
Since the 4d shell of Cd is completely full (Table I), there do

not appear to be strong correlations in CdPS3 due to the Coulomb
repulsion U. We therefore conclude that the system is a band insu-
lator, where the bandgap originates from the energy difference
between the fully filled sulfur p- and empty phosphorous p-orbitals
(Fig. S8, supplementary material). Therefore, one can expect that the
bandgap in CdPS3 should be relatively insensitive to external pres-
sure since the gap is mostly determined by the difference between
the atomic energy levels, which are marginally affected by the pres-
sure. This scenario is very different from that in Mott-insulating
MnPS3 or NiPS3, where bandgap closure leads to enhanced screen-
ing of the on-site Coulomb repulsion and adds positive feedback
to the rate of gap closure, sometimes resulting in sudden gap col-
lapse and a discontinuous transition.24,25,27 For instance, the rate
of bandgap closure in MnPS3 is −50 meV/GPa, whereas that in
CdPS3 is approximately −30 meV/GPa [Fig. S6(b), supplementary
material]. The difference can presumably be attributed to enhanced
Coulomb interactions in the Mn analog.

IV. SUMMARY
To investigate the symmetry progression and band vs Mott

charcater of complex chalcogenides with fully filled 4d orbitals, we
measured the synchrotron-infrared absorbance and Raman scatter-
ing spectra of CdPS3 under pressures up to 35 GPa. Our results,
combined with symmetry analysis, lattice dynamics calculations,
and comparisons with previous studies on the MPS3 family (where
M = Fe, Co, Ni, Mn), reveal a sequence of structural phase tran-
sitions in CdPS3. In particular, we identify four critical pressures
at 10, 18, 29, and 33 GPa, corresponding to five distinct structural
phases. Group–subgroup analysis and lattice dynamics indicate a
symmetry change from monoclinic C2/m→ trigonal R3̄ at 10 GPa.
Unlike other MPS3 compounds, CdPS3 shows no signs of metallic

behavior even at 35 GPa, suggesting it remains a band insula-
tor. This is attributed to the filled 4d orbitals of the heavy Cd2+

cation, which minimize electron correlation effects from Coulomb
repulsion. Notably, the bandgap of CdPS3 closes at a rate of approxi-
mately −30 meV/GPa, much slower than in other MPS3 materials,
indicating a higher energy scale for gap closure. This behavior,
supported by observations of a piezochromic effect, further con-
firms CdPS3’s band insulating nature. Overall, our study deepens
the understanding of symmetry evolution and distinguishes band
insulator behavior from Mott-like characteristics in CdPS3.

SUPPLEMENTARY MATERIAL

The supplementary material contains a detailed explanation of
the x-ray diffraction analysis of the CdPS3 and the assignment of
vibrational modes, symmetries, and displacement patterns under
ambient conditions; additional data on the vibrational properties of
CdPS3 under compression, along with confirmation of reversibil-
ity under pressure cycle; first-principle calculation of the bandgap,
volume, and enthalpies; experimental determination of the optical
bandgap; and comparison of calculated phonon modes in the R3̄ and
P3̄1m space groups.
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61M. Rifliková, R. Martoňák, and E. Tosatti, “Pressure-induced gap closing and
metallization of MoSe2 and MoTe2,” Phys. Rev. B 90, 035108 (2014).
62M. I. Aroyo, J. M. Perez-Mato, C. Capillas, E. Kroumova, S. Ivantchev, G.
Madariaga, A. Kirov, and H. Wondratschek, “Bilbao crystallographic server:
I. Databases and crystallographic computing programs,” Z. Kristallogr. Cryst.
Mater. 221, 15–27 (2006).
63J. L. Musfeldt, S. Singh, S. Fan, Y. Gu, X. Xu, S.-W. Cheong, Z. Liu, D. Van-
derbilt, and K. M. Rabe, “Structural phase purification of bulk HfO2: Y through
pressure cycling,” Proc. Natl. Acad. Sci. U. S. A 121, e2312571121 (2024).
64B. Yue, W. Zhong, T. Wen, Y. Wang, H. Yu, X. Yu, C. Chen, J.-T. Wang, and
F. Hong, “Pressure-induced ferroelectric-to-superconductor transition in SnPS3,”
Phys. Rev. B 107, L140501 (2023).

APL Mater. 13, 071127 (2025); doi: 10.1063/5.0274796 13, 071127-8

© Author(s) 2025

 23 July 2025 17:03:22

https://pubs.aip.org/aip/apm
https://doi.org/10.1063/5.0089478
https://doi.org/10.1007/s10853-023-08998-z
https://doi.org/10.3390/sym16020140
https://doi.org/10.1038/s41535-019-0178-8
https://doi.org/10.1103/physrevb.105.l041108
https://doi.org/10.1016/j.jallcom.2022.164731
https://doi.org/10.1029/jb091ib05p04673
https://doi.org/10.1126/science.232.4756.1404
https://doi.org/10.1107/s0021889800007135
https://doi.org/10.1103/physrevb.47.558
https://doi.org/10.1103/physrevb.47.558
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/physrevlett.100.136406
https://doi.org/10.1021/acs.jpclett.0c02405
https://doi.org/10.1021/acs.jpclett.0c02405
https://doi.org/10.1063/1.2404663
https://doi.org/10.1088/1361-648x/acd831
https://doi.org/10.7566/jpsj.92.012001
https://doi.org/10.1016/0025-5408(85)90210-7
https://doi.org/10.1107/s0021889811038970
https://doi.org/10.1080/0141159031000076110
https://doi.org/10.1063/5.0071856
https://doi.org/10.1038/s41535-025-00767-2
https://doi.org/10.1103/physrevb.107.165125
https://doi.org/10.1021/acsaelm.2c00563
https://doi.org/10.1103/physrevmaterials.7.064008
https://doi.org/10.1039/c9cp01723b
https://doi.org/10.1039/c9cp01723b
https://doi.org/10.1103/PhysRevB.90.035108
https://doi.org/10.1524/zkri.2006.221.1.15
https://doi.org/10.1524/zkri.2006.221.1.15
https://doi.org/10.1073/pnas.2312571121
https://doi.org/10.1103/physrevb.107.l140501

