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1 Introduction

Pressure-induced phase transition on layered
HgPSe; revealed by optical, structural and
vibrational studies
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The family of transition metal phosphorus trichalcogenides (MPXs, where M is a transition metal and X = S
or Se) has recently attracted considerable attention due to their tunable band gaps and synergistic effects
among electronic, magnetic, structural, and optical properties. We examine the influence of hydrostatic
pressure on the optical, structural and vibrational properties of layered HgPSes through spectroscopic and
diffraction techniques combined with first-principles calculations. Optical absorption measurements
reveal a phase transition at 3.6 GPa, evidenced by a decrease in the band gap energy of approximately
200 meYV, resulting in a change in sample color from bright to dark red. The same phase transition was
confirmed by structural methods: powder X-ray diffraction and Raman spectroscopy. We propose that
the compound undergoes a structural transition from its ambient pressure monoclinic phase to a high-
pressure triclinic phase. Birch—Murnaghan fits give an experimental bulk modulus of By = 29.7 GPa, in
very good agreement with the theoretical value of By = 28.1 GPa. Experimental pressure coefficients are
obtained and compared with theoretical predictions. Our findings unveil a complex interplay between the
structural and optical properties of HgPSes under pressure, which could be exploited to fabricate novel
applications based on the tunable properties of van der Waals materials.

est due to their intrinsic magnetic properties. The relatively
large band gaps of TMPTs, ranging from 1.3 to 3.5 eV,'" make

Following the breakthrough success of the isolation of atomic-
ally thin graphene," layered materials with sizable band gaps
have become highly sought after. For instance, group VI tran-
sition metal dichalcogenides (TMDs), such as MoS,, MoSe,,
WS, and WSe,, demonstrate strong excitonic, valleytronic, and
spintronic properties.”'® In search of additional degrees of
freedom, another family of 2D materials, the transition-metal
phosphorus trichalcogenides (TMPTs) with a chemical
formula of MPX; (where X = S, Se), has attracted special inter-
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them efficient light absorbers, well-suited for applications
across a broad wavelength spectrum. These materials have
therefore become the subject of research in different fields cov-
ering areas such as optoelectronics, intercalation chemistry
and electrocatalysis.">"*® With a band gap of approximately 2
eV at ambient conditions, HgPSe; has been utilized as a photo-
detector exhibiting a broad spectral sensitivity, spanning from
X-rays to visible light, which was later found to show an ultra-
fast photoresponse in the order of nanoseconds."”*®

Under ambient conditions, transition metal thiophosphates
MPS; exhibit a monoclinic structure (space group, s.g. C2/m),
with the exception of HgPS;, which is triclinic P1, while most
selenide counterparts (MPSe; for which M = Mn, Fe, Cd, Zn, Mg)
have a rhombohedral structure (space group R3).">”** Notably,
HgPSe; belongs to the monoclinic system as do most MPS; com-
pounds and NiPSe;, although with different stacking (ABAB, as
opposed to AAA) and space group (C2/c as opposed to C2/m).>*>*
Hence, the widely explored MPX; compounds can serve as a
benchmark to better understand the physical properties and
potential applicability of HgPSe;, both of which remain largely
unexplored in the literature.
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Similar to the changes observed in the optical, magnetic,
and electronic properties of van der Waals crystals when their
thickness is reduced to the monolayer limit, the application of
hydrostatic pressure to the bulk material decreases the inter-
layer spacing and strengthens interlayer interactions, which
may lead to different emergent phenomena, such as metalliza-
tion, Mott metal-insulator transition, spin crossover and struc-
tural phase transition.>*> For example, it is well known that
the band gap of MoS, evolves from indirect in bulk form to
direct in the monolayer limit, accompanied by an increase in
band gap energy from approximately 1.3 to 1.9 eV,” which
makes it a promising material for optoelectronics appli-
cations.* Interestingly, applying hydrostatic pressure to mono-
layer MoS, revealed direct-indirect gap crossover.>> For the
case of bulk materials, pressure-induced band gap crossover
has been observed, for instance in CrPS, (which also lies in
the monoclinic C2/m structure) and III-VI layered
compounds.®**> Therefore, hydrostatic pressure is a powerful
tool for probing the nature of optical transitions, offering valu-
able insights into the electronic band structure.

In this work, we investigate the high-pressure behavior of
HgPSe; at room temperature using optical absorption spec-
troscopy, as well as powder X-ray diffraction (XRD) and Raman
spectroscopy. The pressure coefficients and bulk moduli were
obtained. All the employed experimental techniques evidence
a phase transition of electronic and structural nature,
suggesting a quasi-direct to indirect band gap crossover
accompanied by a monoclinic to triclinic structural transition.
The experimental results are compared with theoretical predic-
tions obtained within the density functional theory (DFT)
framework, which provides the lattice parameters, electronic
band structure and phonon dispersion curves of the low-
pressure phase of HgPSe;.

2 Methods
2.1 Synthesis of HgPSe;

HgPSe; samples were grown by chemical vapor transport (CVT)
using Hgl, as a transport agent. The elements were sealed
under vacuum in a quartz ampoule and subjected to a con-
trolled temperature gradient, enabling material transport in the
vapor phase and subsequent crystal growth at the cooler end.
The crystal structure of TMPTs consists of layers of (P,Seg)*”
clusters stabilized by the divalent metal cations M** and held
together by weak van der Waals (vdW) interactions, while the
in-plane atoms are strongly joined by covalent bonds (see
Fig. 1).*” Detailed information on the synthesis and characteriz-
ation of HgPSe; has been reported elsewhere.'”

2.2 High-pressure optical absorption

The diamond anvil cell (DAC) technique was employed to
measure optical absorption with hydrostatic pressure depen-
dence. This cell is composed of two diamonds with flat tips
(culets, with diameter of 450 pm) facing each other, and a
metal disk (gasket) between them to prevent the diamonds
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Fig. 1 Crystal structure of HgPSes at ambient conditions (s.g. 15, C2/c).
Red balls represent Hg atoms, while green and purple represent Se and
P, respectively. This figure was created from PDF card 00-031-0858
using VESTA.38

from touching each other. A 150 pm diameter hole is drilled in
the center of the gasket to form the sample chamber. This
cavity hosted the sample and a pressure-transmitting medium
(Daphne 7575), which is chemically inert and has desirable
optical transparency, ensuring quasi-hydrostatic conditions. A
ruby microsphere was included for pressure calibration via the
ruby fluorescence technique.** The ruby emission was col-
lected with an Avantes spectrometer (655-755 nm). The larger
surface of the diamonds is attached to backing plates that
allows optical access, and the whole structure is held inside a
piston-cylinder device. The piston exerts pressure through a
metallic inflatable membrane.*® A halogen lamp was utilized
to probe the sample. The transmitted light passed through a
50x microscope objective and was collected with a wide-range
spectrometer (StellarNet spectrometer 300-1100 nm). All
measurements were performed at room temperature. The
same setup was used to collect optical images, simply by repla-
cing the spectrometer with a CCD camera.

2.3 High-pressure photoluminescence

Photoluminescence (PL) spectroscopy was carried out using a
custom-built optical system equipped with a 550 mm focal-
length grating monochromator (Horiba Jobin Yvon iHR 550)
and a multichannel liquid nitrogen-cooled Si CCD array detec-
tor. The sample was excited using a continuous-wave 532 nm
laser with an incident power of 100 pW. The laser beam was
focused using a 50x objective lens (NA = 0.55). The procedure
used to obtain high hydrostatic pressure was the same as in
the case of optical absorption measurements. The sample was
mounted inside a DAC, together with a ruby sphere used for
pressure calibration. Daphne 7575 was used as pressure-trans-
mitting medium. Measurements were performed at room
temperature.

2.4 High-pressure Raman spectroscopy

A single flake of HgPSe; was loaded in a gasketed membrane-
type DAC with 400 pm culet-size diamonds. A mixture of
methanol-ethanol-water (16:3:1) was employed as pressure-

This journal is © The Royal Society of Chemistry 2026
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transmitting medium, and the ruby fluorescence method was
used to determine the pressure. The 514.5 nm laser line of an
Ar' laser was used as excitation source at a power lower than
10 mW in order not to damage the sample. Unpolarized, back-
scattering confocal micro-Raman measurements were acquired
using a 50x objective that collected the scattered light into a
Jobin-Yvon T64000 spectrometer using the double-subtractive
configuration to access a low wavenumber spectral window
down to Raman shifts of ~15 cm™" acquired with a liquid N,-
cooled CCD camera, which allowed for detection of the low-fre-
quency modes involving Se and Hg atoms. Due to the sample’s
fragility to light at ambient pressure, the corresponding spec-
trum was recorded in macroscopic configuration using a laser
power lower than 4 mW on a spot of 250 pm in diameter.

2.5 High-pressure X-ray diffraction

High-pressure angle-dispersive powder X-ray diffraction
measurements were acquired at room temperature at the BL04-
MSPD beamline in ALBA synchrotron facility.*" XRD experi-
ments were performed with a wavelength of 0.4246 A. The
sample, which had been ground into fine powder in an
ethanol bath, was loaded with a copper flake in a DAC with
400 pm-diameter diamond culets. A mixture of methanol-
ethanol-water (16:3:1) was used as pressure-transmitting
medium and the applied pressure was determined with the
equation of state (EoS) of copper.**> The sample-to-detector dis-
tance (~240 mm) was determined fitting a LaBg calibrant with
the DIOPTAS program.*® The experimental lattice parameters
were obtained as a function of pressure using the DICVOL and
FullProf packages.***°

Before concluding the Experimental section, we briefly
address the pressure-transmitting media used in this study.
Optical absorption measurements were performed using
Daphne 7575, whereas Raman spectroscopy and X-ray diffrac-
tion experiments were carried out with a methanol-ethanol-
water (16:3:1) mixture. Daphne 7575 provides quasi-hydro-
static conditions up to 6.5 GPa, and the pressure standard
deviation within the DAC is as low as 0.08 GPa at 8 GPa—the
maximum pressure reached in our experiments. The metha-
nol-ethanol-water mixture remains quasi-hydrostatic up to 10
GPa.” Therefore, both pressure media ensure comparable
quasi-hydrostatic conditions throughout the investigated
pressure range. Moreover, to verify reversibility, decompression
data were collected for all experimental techniques and are
available in Fig. S1-S4 from the SI.

2.6 Computational details

DFT calculations have been performed using the Vienna Ab
Initio Simulation Package (VASP).** The electron-ion inter-
action was modeled using projector-augmented-wave tech-
nique.*” The Perdew-Burke-Ernzerhof (PBE) exchange-corre-
lation (XC) functional was employed.”® A plane-wave basis
cutoff energy of 600 eV and a 12 x 6 x 6 Monkhorst-Pack
k-point grid for the Brillouin Zone (BZ) integrations were set.”*
These values ensured convergence of the lattice constants and
the electronic gaps were within precision of 0.001 A and 0.001

This journal is © The Royal Society of Chemistry 2026
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eV, respectively. A Gaussian smearing of 0.02 eV was used for
integration in reciprocal space. The semi-empirical Grimme’s
correction with Becke-Johnson damping (D3-BJ) was employed
to properly describe the weak vdW forces.>®> The spin-orbit
(SO) interaction was taken into account. To obtain the phonon
dispersion relations, the finite-differences approach was
employed,”®”* as implemented in the Phonopy v 2.44.0
package.>® For the purpose of phonon calculations, the atomic
positions were re-optimized until the residual forces on all
atoms were smaller than 10 eV A™". The calculations were
carried out using a 2 x 2 x 1 supercell containing 160 atoms.
These ensured that all phononic branches exhibited non-ima-
ginary energies. The Hellmann-Feynman forces were extracted
from a set of symmetry-inequivalent atomic displacements,
and the resulting force constants were used to construct the
dynamical matrices and compute the phonon dispersion.

3 Results and discussion
3.1 Optical properties

Room-temperature optical absorption measurements up to 8.4
GPa were acquired and the spectra are shown in Fig. 2a. It can
be seen that the absorption edge shifts to lower energies as
pressure increases, and a phase transition is evidenced at
approximately 3.6 GPa, which is marked by a drop of AE =
200 meV in the absorption edge energy and accompanied by a
change in slope of the absorption coefficient curves. At low
pressures, the absorption spectra exhibit the characteristic
shape of a direct transition (see left inset of Fig. 2b). With
increasing pressure, no significant changes in the line shape
are observed in the spectra up to 3.6 GPa. Above this threshold,
however, the absorption edge becomes progressively smoother,
and the spectral shape evolves towards that of an indirect tran-
sition (see right inset of Fig. 2b).

A reasonable explanation for the change in slope of the
absorption spectra at pressure values above 3.6 GPa is that the
band gap becomes indirect, which is the case for other layered
semiconductors such as SnP,S¢ and CrPS,.*>”® The assump-
tion of change in band gap nature from quasi-direct to indirect
is supported by room temperature pressure-dependent photo-
luminescence measurements presented in Fig. S5 (SI). With
increasing pressure, the emission energies shift to lower
values with a pressure coefficient of dE/dP = —38(3) meV GPa™*
between 0 and 3.2 GPa (represented by the triangles in
Fig. 2b). At 4.1 GPa, the emission is no longer observed, evi-
dencing that the band gap becomes indirect. For this reason,
the energy values for P < 3.6 and P > 3.6 GPa were extracted by
linear extrapolation of o® x E and \/a x E plots, for direct and
indirect gaps, respectively (fits shown in Fig. 2b).”” The abrupt
decrease in band gap energy results in a color change in the
sample (piezochromism) from bright red in the low-pressure
regime (P < 3.6 GPa) to dark red in the high-pressure regime,
as evidenced by the photographs shown in Fig. 2c.

The experimentally obtained band gap value of 1.99 eV for
HgPSe; under ambient conditions is in good agreement with
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Fig. 2

(a) Evolution of the absorption coefficient with increasing pressure.

Pressure (GPa)

A phase transition is observed at 3.6 GPa, which is marked by a jump in

band gap energy of 0.192 eV, together with color change from bright to dark red, and less steep slopes. The saturation in the absorption spectra
arises when the actual transmitted light above the absorption edge is much smaller than the signal coming from scattered light in the DAC rather
than from transmission through the sample. (b) Red and green symbols are the experimental values of absorption edge energy at each pressure,
with corresponding linear fits. Black circles indicate the theoretical values. Triangles correspond to emission energies acquired from photo-
luminescence measurements (spectra shown in Fig. S5 (SI)). The slopes of the solid lines represent the pressure coefficients. Insets show examples
of Tauc plots of the form o x E and /a x E for extracting direct and indirect gap energies, respectively. (c) Optical images of the evolution of the
sample color during compression show that the phase transition is accompanied by a sudden darkening. A ruby sphere used for pressure calibration

can be seen next to the sample. Scale bar in the last image: 40 pm.

previous results from reflectivity and absorption measure-
ments at room temperature, which yielded 1.95 eV.'”*® The
experimental pressure coefficients obtained from the linear
fits of the E~P curves are dE/dP = —42(2) meV GPa™" below the
critical pressure of 3.6 GPa, and dE/dP = —9(1) meV GPa™'
above it, suggesting that the crystal is more sensitive to
pressure in the low-pressure regime, which is expected since
the weak van der Waals forces mediating the interlayer inter-
actions strengthen under increasing pressure and decreasing
interlayer distances. The theoretical pressure coefficient of dE/
dP = —37(2) meV GPa~ " obtained from DFT calculations is in
good agreement with our experimental values for the low-
pressure phase from both absorption and PL measurements.
Such band gap shrinkage has also been observed in other com-
pounds in the MPS; family, such as MnPS3;, in which the band
gap was found to systematically decrease from 2.64 eV under
ambient conditions to 2.15 at 11.5 GPa, with a rate of approxi-
mately —50 meV GPa '.>° Such piezochromism was also
present, but neither an abrupt change in the absorption edge
energy nor a change in slope occurred in the investigated
range. Negative pressure coefficients have also been found for
the direct fundamental transitions in ReX,, with values
ranging from —14 to —42 meV GPa™', and —25 meV GPa~' for
the indirect fundamental transition of WSe,, while in group VI
MX, compounds the direct excitonic transitions were found to
have positive pressure coefficients, ranging from approximately
20 to 40 meV GPa ™+,

The reduction in band gap energy due to increased pressure
is in agreement with our band structure calculations up to 3
GPa, shown in Fig. 3. The calculated band structure reveals
that the valence band reaches its maximum at the I point,
whereas the conduction band minimum (CBM) does not
coincide with any high-symmetry k-point but instead lies in
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Fig. 3 (a) Electronic band structure of HgPSez at 0 GPa and (b) with
pressure dependence up to 3 GPa. The arrow indicates the lowest
energy (quasi-direct) transition at the I" k-point. A shrinkage of the fun-
damental transition (band-gap related) with increasing pressure is
evidenced.

the vicinity of I" along the I' - V path (see Fig. 3). With increas-
ing pressure, the energy separation between the direct tran-
sition at I" and the indirect I' - CBM transition increases, indi-
cating that the band gap becomes progressively more indirect;
however, this difference remains sufficiently small so that
HgPSe; can still be considered a quasi-direct band-gap
material in the entire low-pressure monoclinic phase. This be-
havior is consistent with the gradual enhancement of inter-
layer coupling under compression, which modifies the dis-
persion of both valence and conduction bands. Notably, the
conduction band valleys along I' - V become increasingly sen-
sitive to pressure, which explains the experimentally observed
weakening of the quasi-direct character prior to the structural
phase transition. Antonatos et al'® pointed out that such

This journal is © The Royal Society of Chemistry 2026
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quasi-direct nature of the band gap of HgPSe; is responsible
for the long decay times, in the order of nanoseconds,
observed in time-resolved measurements, and this is due to
the reduced momentum overlap between the conduction and
valence band states.

3.2 Structural properties

The powder XRD patterns from 0.5 to 8 GPa collected with 4 =
0.4246 A are shown in Fig. 4. It can be seen that, as the
pressure increases, peaks start to appear, disappear, merge, or
split, suggesting a structural phase transition. With increasing
pressure, all peaks shift to higher angles, indicating a
reduction of all interplanar distances with increasing pressure,
as expected from Bragg’s law. The indexed peaks from the 0.5
GPa pattern, labeled in Fig. 5, reproduce the expected lattice
parameters obtained by Jandali et al>* under ambient con-
ditions (see Table 1). Experimental and calculated positions,
along with the corresponding Miller indices of such peaks are
displayed in Table S1 (SI).

Qualitatively, the first significant change in the diffraction
pattern is observed at approximately 3.8 GPa, where a new
peak appears at 20 ~ 8.5°, which persists only up to around 5
GPa. Also, two peaks merge into a single peak centered at 20 ~
7.7°, and at 5 GPa, two peaks emerge near the previously
merged peak: one at lower angles at 20 ~ 7.6°, and another at
higher angles at 20 =~ 7.9°. The merged peak vanishes at
around 6.1 GPa, but the newly emerged peaks persist up to 8

Intensity (arb.u.)

3 4 5 6 7 8 9 10 11

20 (degrees)
Fig. 4 Selected powder X-ray diffraction pattern of HgPSesz from 0.5 to
8 GPa collected with 1 = 0.4246 A. Change in color indicates two poss-

ible phases: monoclinic (black) up to 3.8 GPa and triclinic (red) from 4.5
GPa.

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 Le Bail refinement of the 0.5 GPa pattern: black curve is the
experimental pattern and the red curve is the refinement fit. The lower
blue curve is the difference between the observed and calculated inten-
sities. Corresponding Miller indices of the first 16 peaks are indicated. All
diffraction peaks were considered in the refinement.

GPa. A profile-matching refinement (Le Bail method) was per-
formed for the 0.5 GPa data using the FullProf software, and
the results are shown together with the experimental pattern
and the difference profile at the bottom of the plot from Fig. 5.
In order to obtain the pressure dependence of the lattice
parameters a, b, ¢, @, f, y, the same Le Bail method was
employed. The fitting at 5 GPa is shown in Fig. S6 (SI). In
addition, a least-square method was used to obtain additional
insight into the high-pressure phase. Detailed information on
this method can be found in SI. Both methods yielded the
same exact parameters, and the results are shown in Fig. 6a
and 7. Furthermore, the experimental evolution of a, b, ¢ with
pressure is in good agreement with the theoretical predictions
performed for the lower pressure phase up to 3 GPa (solid
lines from Fig. 6a). The normalized lattice parameters a/a,, b/
by, clcy are shown in Fig. 6b as a function of pressure. The
corresponding experimental and calculated pressure coeffi-
cients of the normalized lattice parameters (1/a;)(da;/dP) were
obtained and are shown in Table 2. From these, the isothermal
compressibility tensor can be calculated. For a monoclinic
structure, the nonzero components of the tensor (obtained
within the infinitesimal Lagrangian approximation as
implemented in EoSFit7c software®® and referred to the orien-
tation of the Cartesian axis defined by e, ||@* and es||c) are ;=
6.7(1), P = 4.2(2), B33 = 14.5(2) and ;3 = f3; = 4.8(2) in units
of 107 GPa~". The strong compressibility in the e; direction is
a consequence of the large pressure coefficient of ¢ axis, which
contributes the most to volume reduction upon compression.
With respect to the lattice angles, we show in Fig. 7 that g
changes only slightly under compression below 4 GPa. This
suggests that pressure has a minimal effect on the overall
shape and symmetry of the monoclinic structure, without
causing it to become more orthogonal or distorted. However, a
deviation of a and y from 90° takes place above the transition
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Table 1 Comparison of lattice parameters a, b, ¢ and unit cell volume V between our simulated and experimental data at 0 and 0.5 GPa, respect-
ively, and previously reported experimental results at ambient pressure. Experimental values at 0.5 GPa were obtained using DICVOL

Pressure a(A) b(A) c(d) V(A% B(°) Ref.
0 GPa (calculated) 6.559 11.473 13.771 1025.482 98.273 This work
0 GPa (experimental) 6.545 11.377 13.610 1003.4 98.47 23
0.5 GPa (experimental) 6.508(2) 11.336(3) 13.490(4) 983.5(5) 98.45(3) This work
T T T 1 0 0 T T T T LI T
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Fig. 6 (a) Evolution of lattice parameters a, b, c with pressure. The solid
lines are results from calculations for the low-pressure monoclinic
phase up to 3 GPa. (b) Normalized experimental lattice parameters a/ao,
b/bo, c/cq as a function of pressure. Solid lines represent the fits used to
determine the pressure coefficients shown in Table 2. Vertical dashed
lines indicate the critical pressure of 3.8 GPa.

Table 2 Pressure coefficients of the normalized lattice parameters, (1/
a;)(da;/dP), for experimental and theoretical data in the low- and high-
pressure phases. Units are in10~° GPa™*

AXxis i Exp. < 3.8 GPa Calc. < 3.0 GPa Exp. > 3.8 GPa
a —6.6(1) -7.9(3) —-5.6(5)
b -4.0(2) -5.9(2) —5.4(9)
c —14.6(4) -14.9(7) -12.1(9)

pressure. This result indicates an evolution towards a lower-
symmetry triclinic structure, in which none of the angles is
equal to 90°. While our fitted model suggests that the high-

Nanoscale

Upon decrease of interatomic distance, monoclinic-to-tri-
clinic transition has been observed in other van der Waals
crystals such as VI3, which goes from the ambient trigonal R3
structure to monoclinic at approximately 79 K, and then to a
triclinic structure upon further cooling.®* Nevertheless, studies
carried out in the magnetic MPS; compounds revealed a
different trend: in general, at high pressure, they either
undergo isostructural phase transition to C2/m symmetry or
transition to the trigonal space group, which has higher sym-
metry than the initial monoclinic C2/m structure. For example,
XRD measurements suggested that MnPS; and MnPSe;
undergo an isostructural transition accompanied by a volume
collapse of approximately 20% at around 30 and 25 GPa,
respectively.>® First-principles calculations predicted a struc-
tural transition in MnPS; from initial C2/m to P31m at around
10 GPa, and a transition back to C2/m was expected around 30
GPa.”® A later experimental work suggested the existence of an
isostructural phase transition within the monoclinic system in
the range 1-6 GPa, and no further transitions were observed
up to the limit of 28 GPa.®® For FePS; an isostructural phase
transition occurred at 10 GPa, followed by C2/m — P31m at 18
GPa.?® In NiPSs, a C2/m — P3 transition was observed at 13

This journal is © The Royal Society of Chemistry 2026
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GPa, followed by subsequent transitions to P31m, P31m and
finally P3 symmetries at 16, 24 and 27 GPa, respectively.*>®® In
CoPS;, a C2/m — P3 transition occurred at 17 GPa.®” Therefore,
HgPSe; follows a different trend from that observed for other
monoclinic compounds of the MPS; family.

The experimental and calculated pressure-volume evolution
is displayed in Fig. 8, from which we fitted to the low-pressure

phase the second-order Birch-Murnaghan isothermal
equation of state (BM EoS), given by
3 Vo 7/3 Vo 5/3
P(V)=2B|[=) —(=2 1
v) =25, [( 2 - 1)

to extract the bulk modulus B, of HgPSe;.°® Since the Eulerian
strain versus normalized pressure relation (shown in the inset
of Fig. 8) lies on a constant straight line within experimental
error, the experimental data are adequately described by a
2nd-order BM EoS.*’ We obtained B, = 29.7(6) and 28.1(5) GPa,
and V, = 999.9(1) and 1023.5(1) A® from the experimental and
calculated data, respectively. In the investigated range of 0-8
GPa, the volume of HgPSe; evolved from 1003.4 A® to 817.5 A,
which corresponds to a volume reduction of 18.5%.

The second-order BM EoS parameters obtained from the fit-
tings are displayed in Table 3, together with experimental bulk
moduli for other van der Waals crystals up to 4 GPa. Our
results show that the bulk modulus of HgPSe; is particularly
small, comparable to that of WSe,. In comparison to MnPSe;,
HgPSe; exhibits a significantly smaller bulk modulus and
roughly twice larger volume per formula unit. This indicates
that the investigated crystal is more compressible, likely due to
weaker interlayer interactions.

3.3 Vibrational properties

In order to shed light into the nature of the high-pressure
phase and the transition pressure value, pressure-dependent

View Article Online
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Table 3 Experimental and calculated parameters of the second-order
Birch—Murnaghan EoS for HgPSes, with comparison to reported experi-
mental values for other Se-based van der Waals crystals up to 4 GPa.
Unit-cell volumes per formula units (p.f.u.) are shown for direct
comparison

Compound vol. p.f.u. (A® p.f.u.) B, (GPa) Ref.
HgPSe; (exp.) 249.8 29.7(6) This work
HgPSe; (calc.) 256.4 28.1(5) This work
MnPSe; 117.1 35(4) 25

ReSe, 61.9 47(2) 70

MoSe, 60.4 34(4) 71

WSe, 60.4 30(5) 72

Raman spectroscopy was the technique of choice owing to its
well-known high sensitivity to local structure and distortions.
Spectra recorded up to 7.4 GPa in hydrostatic conditions are
shown in Fig. 9a. Throughout the whole pressure range, the
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Fig. 8 Volume as a function of pressure of HgPSes as obtained by XRD
measurements and DFT calculations. The low-pressure phase was fitted
using second-order Birch—Murnaghan equation of state, represented by
the solid lines. The experimental volume at ambient conditions was
taken from ref. 23. The inset shows the normalized pressure vs. Eulerian
strain (F — f¢) plot.
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0 1 2 3 4 5 6 7 8
Pressure (GPa)

Fig. 9 (a) Pressure-dependent Raman spectra of HgPSes acquired with
excitation wavelength 1 = 514.5 nm. Six main vibrational modes
observed experimentally are labeled P1-P6. Two structural phases are
evidenced from the number and position of Raman peaks. Spectra is
colored accordingly. Transition pressure is 3.3 GPa. Black vertical ticks
indicate the calculated phonon frequencies of the Ay modes at 0 GPa.
(b) Triangles show experimental peak positions as a function of pressure,
while squares and solid lines represent calculated Ay modes from 0 to 3
GPa. Grey colors denote the A; modes which were not observed
experimentally.
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peaks lie mostly in the range 100-250 and 400-500 cm™". The
spectral positions and the number of peaks at 0 GPa are in
good agreement with previous studies under similar experi-
mental conditions, in which modes were assigned as Eg
(peaks at around 149 and 168 cm™'), A, (peaks at around 212
and 449 cm™'), and Hg-Se vibration (peak at around
192 em™")."® However, these assignments were made under
the simplified assumption of the D34 symmetry of the P,Ses
units. In contrast, since the structure of HgPSe; belongs to the
Can point group, the in-plane A;, assignments remain appro-
priate, but the out-of-plane E, modes correspond to B, modes
under the C,;, symmetry. In the case of HgPSe; with monocli-
nic structure and space group C2/c, the irreducible representa-
tion of the zone-center optical phonon modes is

[(Con) = 15A; + 14A, + 15B, + 13By, (2)

where the g modes (gerade) are Raman-active, while the u
modes (ungerade) are infrared-active.”> Since HgPSe; has an
inversion center, none of its modes can be both Raman and
infrared-active according to the mutual exclusion rule.
Although both A, and B, signals are present in the high-
pressure measurements, the spectrometer used is more
efficient in the parallel-polarization configuration. In addition,
A, modes are intrinsically more intense than B, modes, as
demonstrated by the Raman-polarization measurements
shown in Fig. S7 (SI). For these reasons, all Raman peaks pre-
sented here are assigned to A, modes and are compared exclu-
sively with calculated A, phonons. This assignment represents
a reasonable simplification, since our calculations show that
the energy difference between corresponding A, and B, modes
is in the order of 1 cm™, as displayed in Table S2 (SI).

Six main vibrational modes are observed experimentally at
0 GPa, and they are located at approximately 141.1, 146.7,
187.9, 210.1, 443.6 and 453.6 cm ™, labeled P1-P6 in Fig. 9b.
The vibrational frequencies were obtained by fitting the data
with Lorentzian functions, and detailed figures showing the
peak evolution with pressure are shown in Fig. S8-5S10 (SI).
Additionally, Raman spectra at ambient conditions with
different acquisition times were collected to investigate poss-
ible sample degradation due to laser power, and the results are
presented in Fig. S11. At 0.3 GPa, peaks P1 and P2 exhibit
opposite trends with increasing pressure: the former shifts to
lower wavenumbers (i.e. it is a soft mode) until 1.5 GPa and
then blue shifts at higher pressures, while the latter shifts to
larger wavenumbers, with increased intensity after 3.3 GPa.
The hardening of the soft mode at 3.3 GPa indicates that a
structural transition took place towards a more stable phase.
At 0.3 GPa, two low-intensity peaks appear in the low-fre-
quency range (~30-36 cm™'): those vanish at 3.3 GPa, but for
pressures higher than 6.1 GPa the peak at higher wavenumber
shows increased intensity. At 2.4 GPa, peak P1 starts to blue-
shift, and this trend is observed until 7.4 GPa. Peak P2 shifts
to higher wavenumbers throughout the entire range, and the
shift becomes stronger after 3.3 GPa. Peak P3 slightly shifts
toward higher wavenumbers as its intensity decreases, and at
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3.3 GPa it can no longer be seen. Peak P4 blue shifts with
increasing pressure. At 2.4 GPa, it splits into two peaks, which
merge again at 3.3 GPa; the peak then splits again at 7.4 GPa.
The blueshift persists over the entire pressure range,
accompanied by an increase in intensity. With regard to the
Raman features around 450 cm ™, only two peak wavenumbers
(peaks P5 and P6) were reliably extracted due to the high
signal-to-noise ratio present at pressures below 1.5 GPa. With
increasing pressure, these two peaks become clearly visible,
showing an increasing spectral separation and a decrease in
intensity. We therefore conclude that a structural phase tran-
sition occurs between 2.4 and 3.3 GPa, which is lower than the
transition pressure obtained from XRD measurements (~3.8
GPa). This is expected since Raman spectroscopy probes
phonons and local bonding symmetry, while XRD probes long-
range crystallographic order.”* Raman modes may split,
soften, or shift when local symmetry is lowered, while XRD
only shows the transition once the average crystal structure
becomes triclinic.”> Moreover, since the number of Raman
peaks at the high-pressure phase does not increase, we
propose that the triclinic phase is centrosymmetric (i.e. space
group P1 and point group C;).

From the evolution of phonon frequencies with pressure,
shown in Fig. 9b, the pressure coefficients dw/dP were deter-
mined for both the experimental and the calculated data from
linear fits, and the values are shown in Table 4 (low-pressure
phase only). Using the bulk modulus B, = 29.7 GPa obtained
from the XRD analysis, we calculated the Griineisen para-
meters y; of each peak by using the expression (By/w;o)dw,/dP.
Except for peak P1 below 2.4 GPa, all modes shift to higher
wavenumbers under compression, with y; values between
approximately 0.3 and 1.1, indicating varying sensitivity to
pressure. Remarkably, peak P1 has the lowest pressure coeffi-
cient, while peak P6 has the highest. It is worth noting that
this trend is consistently observed for both the experimental
and calculated values.

The calculated phonon dispersion of bulk HgPSe; is shown
in Fig. 10 together with the phonon density of states (PDOS).
Dominating atomic displacements for each vibrational modes
are shown in red, violet and green lines for mercury, phos-
phorus and selenium, respectively. From this classification, it
can be seen that low-frequency modes are dominated by

Table 4 Experimental and calculated zero-pressure frequencies (wo),
phonon pressure coefficients (dw;/dP), and mode Gruneisen parameters
(y;)) for the Raman-active modes of the low-pressure phase of HgPSes.
The Griineisen parameters have been calculated using the bulk modulus
Bo = 29.7 GPa

wg? (dew;/dP)*P w@le (dey/dP)e
Symmetry (ecm™)  (em 'GPa’') P (em™ (em™)
A (P1) 141.1 ~1.8(9) -0.38 130.58  1.01(3)
Ag (P2) 146.5 5.5(5) 112 13829  3.61(8)
Ag (P3) 188.0 3.6(9) 0.57 176.6 2.49(16)
Ag (P4) 210.1 4.9(9) 0.69 198.03  1.72(14)
Ag (P5) 443.6 4.6(12) 0.31 412.09  3.71(4)
A (P6) 453.6 8.9(13) 0.58 420.12  4.630(4)

This journal is © The Royal Society of Chemistry 2026
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HgPSe; phonon dispersion PDOS
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Fig. 10 Ab initio calculation of the phonon dispersion curves of bulk
HgPSes. The right panel shows the corresponding phonon density of
states (PDOS). Colors represent atomic displacement contribution for
each phonon mode, being red, violet and green used for Hg, P and Se,
respectively.

vibrations involving mainly the heavy Hg atoms, the mid-fre-
quency region arises mainly from Hg-Se vibrations, while the
high-frequency modes originate predominantly from
vibrations of the P,Ses units. This partitioning of the
vibrational spectrum is consistent with the Raman-active fea-
tures observed experimentally within an error of 10 cm™, as
indicated by the black vertical ticks in Fig. 9a. Differences
between experimental and calculated phonon energies partly
arise from the employed PBE exchange-correlation functional.
Despite being standard for phonon calculations in layered
materials, this functional is known to slightly overestimate
lattice parameters, which in turn reduce the interatomic forces
and therefore phonon energies. Despite these systematic
differences, the overall structure of the phonon spectrum is

Ay(130.6cm™) A4(138.3cm™)
1880 §:80 §:80 g6 360 g0
o8 0§ @ 0BE  0FQ o 0P

Ay(176.6cm™) A4(198.0cm™)

088 088 088 .00 80egoeS
Ay (412.1cm™) Ay(420.1cm™)
§90 §90 g¥o §:9° $a0 S
[ 008 098 008 038 038 038
Fig. 11 Visualization of selected Ay phonon modes for bulk HgPSes
from DFT calculations. Hg atoms appear as red, P atoms as purple, and

Se atoms as green. Arrows show atomic displacement and their length
scales with displacement amplitude.
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well reproduced. In particular, the grouping, ordering, and
relative spacing of the vibrational branches are faithfully cap-
tured by the calculations. These, combined with the calculated
pressure coefficients, allowed us to provide an assignment of
all experimental Raman features (shown in Table 4).

The visualizations of the Raman-active A, modes assigned
to the experimental spectra (corresponding to peaks P1-P6)
are shown in Fig. 11. Hg atoms appear as red, P as purple, and
Se as green, with arrows indicating the atomic displacement
directions and relative amplitudes. In this wavenumber range,
P and Se atoms exhibit the largest vibrational amplitudes, as
highlighted by the arrows, while Hg atoms show significantly
smaller amplitudes.

Lastly, Raman spectra acquired during decompression
confirm the reversibility of the phase transition, as shown in
Fig. S2 (SI). Overall, results from all applied techniques (struc-
tural, optical, and vibrational) indicate reversible behavior,
which is particularly evident in the absorption measurements.
The decompression datasets from absorption and XRD
measurements are presented in Fig. S1, S3 and S4 (SI).

4 Conclusions

We report the effect of hydrostatic pressure on the optical,
structural, and vibrational properties of layered HgPSe;, and
we conclude that a phase transition is present between 2.4 and
3.8 GPa. From absorption spectroscopy, it was found that the
absorption edge energy red shifts with an experimental
pressure coefficient of dE/dP = —42(2) meV GPa™' below the
critical pressure of 3.6 GPa, and then abruptly decreases by
nearly 200 meV at this pressure, after which it continues to
decrease with rate dE/dP = —9(1) meV GPa '. The redshift is
consequently accompanied by a change in the sample color
from the original bright red to dark red. This is in good agree-
ment with band structure calculations which showed that the
fundamental transition red shifts with rate de/dP = —37(2)
meV GPa™' in the range 0-3 GPa. The slope of the absorption
curves becomes less steep after the transition, evidencing an
electronic phase transition from quasi-direct to indirect band
gap, confirmed by pressure-dependent photoluminescence
measurements.

Our analysis of powder XRD data collected up to 8 GPa indi-
cates that a phase transition from a monoclinic to a triclinic
structure starts at 3.8 GPa. The theoretical pressure depen-
dence of the lattice parameters agrees well with the experi-
mental observations. We report an experimental bulk modulus
of 29.7 GPa in very good agreement with the theoretical value
of 28.1 GPa, obtained with the second-order Birch-Murnaghan
EosS fits. Raman scattering measurements confirm that a struc-
tural phase transition occurs between ~2.4 and 3.3 GPa. The
Raman peaks were assigned to A, modes on the basis of
theoretical calculations and polarization-resolved Raman spec-
troscopy. Furthermore, it was observed that all peaks - except
one - shift to higher frequencies upon compression. Overall,
our results demonstrate a clear pressure-induced redshift and
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structural evolution, providing insight into the high-pressure
behavior of HgPSe;.
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