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ABSTRACT

Metal phosphorus trichalcogenides (MPX;: M = Fe, Co, Ni, Cd, Mn; X=S or Se) represent a family of two-dimensional (2D) layered
materials with an exceptional response to high pressure and a remarkable structural flexibility originating from the weak interlayer coupling.
Despite their interest for applications, the knowledge about pressure-driven phase transitions of cadmium compounds is still limited. In this
paper, we fill this gap and provide an accurate description of the structural evolution of CdPS; by combining high-pressure experiments and
first-principle calculations. We have performed high-throughput screening of the low-energy stacking configurations and found a phase
evolution starting with C2/m space group at 12 GPa using the generalized evolutionary metadynamics method. Then, high-pressure experi-
ments have been used to reveal a structural transition from phase-1 (C2/m) to phase-II (R3) to phase-III (R3), which is marked by the
appearance and vanishing of the Raman band at approximately 30-250 cm ™" in good agreement with our theoretical predictions. Our study
paves the way to the understanding of pressure-induced phase transitions in weak interlayer coupling 2D CdPS; materials.
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Exfoliation of graphene has attracted attention to more general
layered materials in condensed matter physics.' Beyond graphene, sev-
eral other compounds have been analyzed, including transitional metal
dichalcogenides and black phosphorus, one family of weak van der
Waals layered materials, and two-dimensional (2D) transition metal
phosphorous trichalcogenides (MPX;: M = Fe, Co, Ni, Cd, Mn; X =S
or Se).”® MPX; members have a structure of atomic S with layers
stacked to form a monoclinic C2/m phase, whereas Se atomic layers
establish trigonal R3 space groups.” Due to the weaker van der Waals
binding between layers, they can form intercalation compounds with
various inorganic and organic species and can be used as cathode
materials in lithium-ion batteries, as well as photocatalysts for water
splitting.” ** "' In addition, MPX; received attention for their peculiar
magnetic properties and anomalous transport behavior." '

van der Waals MPX; exhibits an exceptional response to high
pressure, since the distance between adjacent layers is effectively

reduced, and the electronic properties are modified accordingly.
In MnPS;, three controllable piezochromic behaviors have been found
for pressure values above 20 GPa. The symmetry of the structure
switches from C2/m to P31m at approximately 10 GPa and then into
another C2/m phase above 30 GPa.”' MnPS; is also characterized by
an interesting linear magnetoelectric phase along with an insulator-to-
metal transition.”" Recent works have demonstrated that layered
FePS; undergoes an in-plane lattice collapse and a transition from a
monoclinic phase to a trigonal symmetry group, simultaneously
accompanied by abrupt spin-crossovers, enhanced electron hopping,
and Mott metal-to-insulator transitions under compression.'®'”>*>
In addition to the phase transition, superconductivity emerges (below
a critical temperature T,) at approximately 2.5K at 9.0 GPa and the
maximum T, at approximately 5.5K around 30 GPa.”””" All these
structural transformations under high pressure are caused by the
sliding of layers along different directions.
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Despite the above-mentioned findings about the MPX; family,
only few studies are present about the high-pressure transitions and
stability of the corresponding structures for CdPS; compounds.”® In
this paper, inspired by the remarkable properties of their MPX;
analog, we analyze in detail the pressure-induced structural transitions
of CdPS; compounds and present theoretical and experimental results
about their dynamics. Our calculations indicate that CdPS; had lower
cleavage energy compared to other common 2D materials. Guided by
the weak interlayer coupling in CdPSs;, the energy of formation of 120
different stacking configurations was compared by artificially sliding
along the x or y direction among stacked layers. In this way, we found
the most stable C2/m and R3 phases. Then, the structural evolution of
CdPS; has been studied using a generalized evolutionary metadynam-
ics method at 12 GPa, and the appearance of a C2/m to R3 transition,
as well as a P31m symmetry transformation process has been
predicted. In situ high-pressure Raman scattering spectra are used to
witness the two phase transitions, which are accompanied by the
appearance and then vanishing of Raman bands for pressures up to
15.47 GPa in agreement with our theoretical predictions. Overall, our
results provide valuable building blocks to study the weak interlayer
interaction CdPS; crystal and to systematically address MPX; struc-
ture transition processes under high pressure.

The structural evolution of CdPS; under high pressure has been
carried out using the generalized evolutionary metadynamics method,
as implemented in the evolutionary algorithm Universal Structure
Predictor: Evolutionary Xtallography (USPEX) combined with the
Vienna ab initio simulation package (VASP).”” >’ Evolutionary meta-
dynamics code is a very powerful method for finding low-energy
metastable structures from an established structure.”’ We start with an
initial structure corresponding to the C2/m phase at a given external
pressure of 12 GPa. The cell vector matrix h; was used as a collective
variable to monitor the structural changes.”' For a given structure with
volume V and stimulated by an external pressure P, the derivative of
the free energy with respect to h can be expressed as follows:

0G 4
For each generation, equivalent structures are generated and completely
relaxed at fixed h. The internal pressure tensor p is then evaluated for
the lowest energy structures. Upon using a stepping parameter ok, the
cell shape is updated and the history-dependent Gibbs potential G(¢) is
given by

h=h(t')1*

Gt)=G"+>_ We =7, ©))

where W is the Gaussian height. Then, the vibrational modes for the
selected structure are computed and used to produce one more gener-
ation of 30 soft-mutated structures. The process is repeated for a num-
ber of generations, and a series of structural transitions are observed.
The Gaussian width (5h) was set to 0.8 A and the Gaussian height (W)
t0 3000 kbar A”.

Ab initio total-energy calculations have been performed on the
basis of the density functional theory, as implemented in the PWmat
code.”” The DFT-D3 method has been used to analyze the van der
Waals interactions™ with the cutoff energy for plane waves set to
45Ry. The norm-conserving pseudopotentials and the generalized
gradient approximation of the Perdew-Burke-Ernzerhof (PBE)
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functional have also been employed.”*® The phonon frequencies at
the I' point and the Raman intensities have been calculated within
the density-functional perturbation theory (DFPT)”” as deployed in
Phonopy.™ Finally, a 6 x 4 x 2 Monkhorst-Pack k-mesh has been
used for integration in the irreducible Brillouin zone. To correct the
interlayer van der Waals interaction, an optB86b-vdW exchange-cor-
relation functional has been adopted.”*’

CdPS; single crystals have been prepared by the chemical vapor
transport (CVT) method using high-purity (>99.99%) Cd, P, and S as
raw materials. The powder is weighed out with a molar ratio of
Cd:P:S=1:1:3 and homogenized in an agate mortar. The obtained
precursor materials are transferred into a quartz ampoule, and then
the sealed ampoule is carefully placed into a tube furnace. The source
zone and growth zone are kept at 700 and 600 °C, respectively. After
the synthesis, x-ray diffraction (XRD) is performed using Cu Ko radia-
tion with 4 = 1.540598 A [Rigaku, SmartLab (3kW)]. A scanning elec-
tron microscope (SEM) (JSM-7800F) equipped with energy-dispersive
x-ray spectroscopy (EDS) is used to analyze the samples qualitatively
and quantitatively. To generate high pressure, a gasketed membrane-
type diamond anvil cell (DAC) is employed with low-fluorescence IA,
500 um culet diamonds. The CdPS; crystal, together with ruby micro-
spheres, is placed in the center of a 250 um sample chamber formed
by the gasket and anvil. Silicon oil is introduced as a pressure-
transmitting medium, and the ruby microspheres are used to calibrate
the pressure exerted on the sample. The Raman spectra are measured
using a 488 nm laser excitation (1800 grooves/mm) with the laser
beam focused to a spot size of approximately 500 nm (WITec alpha
300R and Princeton Instruments HRS500). To make the sample
chamber pressure uniform, after increasing the pressure is maintained
for over 60 s.

CdPS;, like other sulfur derivatives at ambient pressure, crystalli-
zes in a monoclinic phase with four formula units in the crystallo-
graphic unit cell and has a layer stacking sequence of inclined AAA.
The close-packed sulfur atoms embrace the surfaces within individual
layers, and other atoms occupy the center of the octahedron formed
by sulfur atoms. Overall, 2/3 of the octahedral positions are filled with
Cd** cations, and the remaining 1/3 are dominated by P2 dimers, as
shown in the insets of Fig. 1(a). In order to provide insight into the
nature of the weak interlayer coupling of the CdPS; crystal, the cleav-
age energy has been calculated as a function of the separation distance
and compared to that of other 2D materials with different structures
(graphite, BP, and MoS;), as shown in Fig. 1(a). The energy gradually
increases with the separation distance and then saturates to the cleav-
age energy of the material. It is worth noticing that the cleavage energy
of CdPS; (0.17J/m?) is much smaller than that of BP (0.72]/m?),
MoS, (0.55J/m?), and graphite (0.34]/ m?), clearly indicating the ultra-
weak interlayer interaction in CdPS;.

In order to further investigate the ultraweak interlayer cleavage
energy, a structure-energy mapping diagram has been obtained by cal-
culating the transition energy of a three-layer AAA stacking cubic
phase CdPS; supercell, as visualized in Fig. 1(b). There, each color
block represents the energy difference of diverse stacking structures
generated by the artificial slip along different x and y directions
between the layers. By comparing 120 different stacking models, we
found that the energy differences may be remarkable, further indicat-
ing the weak interlayer coupling. Interestingly, by shifting the different
layers, two structures with the lowest energy [dark blue blocks in
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FIG. 1. (a) Calculated interlayer binding energy as a function of the separation distance for typical 2D materials: graphite, BP, MoS,, and CdPS;. The insets correspond to their
atomic structures. (b) Structure-energy mapping of 120 configurations comprising different stacking sequences. (c) and (d) Lowest-energy structures corresponding to the dark

squares in (b).

Fig. 1(b)] have been obtained, and their stacking sequences are exactly
the same as those in the C2/m ambient structure and the R3 low-
temperature phase. The operation corresponding to the same
stacking of the C2/m phase is ;b+32a2b (and talb+2alb),
which means that one layer is shifted by b along the y direction,
whereas another layer is shifted by 2 a along the x axis and simulta-
neously translated by 2b along the y direction. (One layer is moved
by ta and 1b at the same time another layer is shifted by Za and
2p.) Similarly, a structure equivalent to the R3 phase corresponds
to2b+2alb[Figs. 1(c) and 1(d)].

In order to explore phase transitions under high pressure, evolu-
tionary metadynamics calculations have been performed [Fig. 2(a)].
Starting from the C2/m ambient structure, termed phase-1, we found
a R3 structure with lower entropy at generation 46, consistent with

our structure-energy mapping results. This phase is known as the low-
temperature phase, and termed phase-II. Interestingly, we found a
lightly distorted structure with R3 space group symmetry at generation
50, and a metastable structure with P31m space group symmetry at
generation 8, referred to as phase-III and phase-IV, respectively. Then,
taking phase-I as a reference, we have examined the enthalpy differ-
ences as a function of pressure up to 25 GPa [as shown in Fig. 2(b)].
Results show that under compression, the structure undergoes a
four-stage transition: from phase-I (C2/m) to phase-II (R3), then to
phase-III (R3)m, and finally to phase-IV (P31m). The first structure
transition starts at a pressure as low as approximately 1 GPa, which is
consistent with previous results, whereas the phase transition begins at
20 kbar for CoPS; and FePS; crystals.'>*' The second phase transition
occurs at 6 GPa while Coak et al."” found it at approximately 12 GPa
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FIG. 2. (a) Enthalpy evolution of CdPS; starting with a C2/m space group at 12 GPa using the generalized evolutionary metadynamics method (red line with circles shows
enthalpies for possible low-energy structures; black line, enthalpies for best structures after full relaxation). (b) Relative enthalpies of the four predicted phases as a function of

pressure (relative to the C2/m structure). The interlayer distances (c) and cell volumes
pressure (magenta spheres, Cd atoms; purple spheres, phosphorus atoms; yellow, sulfur

for VooPS; crystals. Similarly, the third transition is observed at
approximately 25 GPa, which is close to the MnPS; one, occurring at
approximately 30 GPa.”' We also compared the interlayer distances
and cell volumes of CdPS; vs applied pressures in Figs. 2(c) and 2(d).

(d) of CdPS; vs applied pressures. (e) Phase transition sequence of CdPS; at high
atoms).

Note that we have normalized the supercell size for more convenient
comparison. The interplane lattice parameter shows a steep decrease,
indicating the enhanced interlayer interactions. A small cell volume
decrease (—2.05% at 2 GPa and —1.46% at 24 GPa) can be seen first,
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which is attributed to structural changes from phase-I to the phase-II
and phase-III to the phase-IV for CdPS;. We also calculated the bulk
modulus By for each phase. At atmospheric pressure, the bulk modu-
lus By for phase-I (23.95GPa) is in agreement with the previous
obtained data (20.74 GPa in Ref. 42). We did not find any significant
volume collapse during the phase transitions. Instead, the members
from the MPX; family (especially M = Fe, Mn, and Ni) with magnetic
states will show a volume collapse of more than 9% during the phase
transition under high pressure, which originates from the pressure-
driven spin crossover.'”*>** To clarify the dynamics of the transition,
we show the atomic structure in Fig. 2(e). A phase-I (C2/m) to phase-
II (R3) transition is obtained by sliding a single layer of the atmo-
spheric phase (phase-I) along the y axis for a distance of about £ and
simultaneously sliding it for approximately § along the x axis. This
results in the C2/m unit’s f§ angle changed from 107.27° to approxi-
mately 90°. The phase-1I (R3) to phase-III (R3) transition is instead
caused only by the distortion of CdSs polyhedrons. The third transi-
tion is due to a relative slip of § between the layers along the x axis for
the C2/m phase with a stacking configuration of AAA. We have tried
to verify our conclusions by comparing high-pressure XRD data from
other members of the MPX; family. Most of the studies did not reveal
the exact structural phase transitions under high pressure due to the
low quality of the high-pressure XRD patterns.”*" Haines proposed a
HP-1 phase with space group C2/m for FePS;” and then be
adopted."” In general, this phase possesses the same stacking configu-
ration with our predicted phase-IV with smaller supercell size. Our
proposed structural phase transition sequence well rationalizes various
high pressure phases observed in the experiment and provides more
comprehensive information for the phase diagram of the MPS; family.

Next, we investigate experimentally the evolution of the CdPS;
crystal structure under high pressure using DAC [see Fig. 3(a)], which
was instrumental in discovering several phenomena under high pres-
sure in WTe,,"* MAPbBr; nanocrystals,”” 2D FA,Pbl, perovskites,

and WSe,~MoSe, heterobilayers.”” The samples used in high-
pressure experiments are centimeter-sized yellow flake crystals
synthesized by the CVT method. SEM-EDS mapping and XRD
measurements are used to characterize the crystals. Energy-
dispersive x-ray spectroscopy indicated that samples are composed
of Cd, P, and S, and the three elements are distributed homoge-
neously with an approximate 1:1:3 atomic percentage ratio [see
Figs. 3(b) and 3(c)]. Furthermore, XRD data [Fig. 3(d)] reveal a
high orientation growth in the (001) direction with characteristic
diffraction peaks at 13.24°, 26.99°, 41.1°, 56.01°, and 71.82°. More
importantly, no extra peaks can be detected, indicating the high
purity and good crystallinity of our samples.

To illustrate the evolution of lattice vibrational properties at vari-
ous hydrostatic pressures, the typical Raman spectra of the CdPS;
crystal as a function of pressure are shown in Fig. 4 for frequency in
the range 20-650 cm ™. As the pressure increases from 0 to 15.47 GPa,
the Raman band blue shifts, which is a common phenomenon in
layered materials. However, the low-frequency vibrational mode
(approximately 80 cm ') becomes vanishingly weak and is then unde-
tectable at 1.1 GPa. Surprisingly, a Raman band gradually emerges at
around 30 cm ™', as shown in Fig. 4, suggesting that the CdPS; crystal
undergoes a phase transition at approximately 1.1 GPa. A slight pres-
sure stimulus may cause a structural change in CdPS;, which is again
related to the weak interlayer interaction. Another phase transforma-
tion may be observed at 10.2 GPa, where the two Raman peaks gradu-
ally merge into a single one. As the pressure continued to rise above
15.47 GPa, the Raman signal became weaken and broaden, and this
may be the existence of the pressure gradient due to the non-
hydrostatic pressure environment caused by the solidified pressure-
transmitting media under high pressure. Our experimental results are,
thus, in excellent agreement with our theoretical predictions, confirm-
ing the phase transition sequence phase-I to phase-II and finally to
phase-IIL
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FIG. 3. (a) Schematic of the diamond anvil cell geometry loaded with CdPS; crystal and ruby microspheres for the pressure calibration. (b) SEM figure and elemental mapping
of Cd, P, and S. (c) EDS image. (d) XRD pattern of synthesized samples. (e) Inset shows the centimeter-sized flake crystals spectrum of our products.
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Raman shift(cm™)

In Fig. 5(a), we show the Raman shift as a function of pressure,
which provides intuitive information on anomalous Raman behaviors.
The slope of the curve for the three phases differs only slightly, indicat-
ing that the Raman band at 249 cm™" is more sensitive to pressure.
Modes around 80 cm ! vanishes at 1.1 GPa, which may be attributed
to the start of the structural transition. The small slope indicates that
the compressibility of the sample decreases with pressure. Although
some Raman studies have reported vibration patterns of CdPS;
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crystals, the exact patterns are still unknown, and the Raman shift of
approximately 30 cm ™' for phase-1I is still pending for a full explana-
tion. For this reason, the vibrational modes have been calculated using
DFT. The displacements of the Raman-active modes of the CdPS;
crystal are shown in Figs. 5(b)-5(e). Raman mode vibration associated
with the first phase transition is closely related to metal atoms, whereas
the second phase transition region is mainly due to sulfur atoms.

In summary, we have profitably combined experiments and theo-
retical calculations to study the high-pressure phase transitions due to
weak interlayer interactions in the CdPS; crystal. The structure at high

(a) ), g S—— pressure has been interpreted in terms of the slip mechanism between
. L S X< a Sb | layers. We have employed the generalized evolutionary metadynamics
E S X3 o method to seek for possible phases of CAPS; at high pressure. The

W e P9 e N ¢ enthalpy spectra have clearly shown a phase-I (C2/m) to phase-II
0] 29.420m" 3 (R3) to phase-III (R3) to phase-IV (P31m) symmetry transition at
[0 R S S 26 GPa. Then, high-pressure experiments have confirmed the struc-

P¥

tural transitions from phase-1 (C2/m) to phase-II (R3) to phase-II
(R3), which are witnessed by the appearance and vanishing of a
Raman band at approximately 30-250 cm™ ' in agreement with our

& theoretical predictions. Our results provide a comprehensive theoreti-
'ﬁm cal and experimental description of the phase transitions of MPS;
g materials and pave the way for further developments in the area.
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