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The crystal structure, vibrational spectra, and magnetic structure of quasi-two-dimensional layered van der
Waals material MnPS; were studied using x-ray diffraction and Raman spectroscopy at high pressures up to
28 GPa, and neutron diffraction up to 3.6 GPa, respectively. A structural phase transition between two monoclinic
modifications of the same C2/m symmetry was observed, evolving gradually in the pressure range of about
1-6 GPa. The transition is accompanied by abrupt shortening of lattice parameters, significant reduction of
the monoclinic distortion, and anomalies in the pressure behavior of several Raman-mode frequencies. No more
structural phase transitions were revealed in the studied pressure range. The antiferromagnetic (AFM) state with a
propagation vector k = (0, 0, 0) remains stable in ambient pressure and high-pressure structural phases of MnPS;
at least up to 3.6 GPa. The Néel temperature increases noticeably with a pressure coefficient of d7y/dP = 6.7
K/GPa, leading to modification of the dominant first-neighbor magnetic interaction exchange parameter with a
relevant coefficient dJ, /dP ~ —0.6 meV/GPa. This observation is in contrast to the pressure behavior of FePS3,
demonstrating modification of the AFM state from 2D-like to 3D-like at the similar pressure-induced structural
phase transition. The different pressure response of the magnetic states of MnPS; and FePSj; is analyzed in terms

of competing in-plane and interplane magnetic interactions.

DOI: 10.1103/PhysRevMaterials.8.024402

I. INTRODUCTION

The recent discovery of long-range magnetic order persist-
ing down to monolayer limit in 2D van der Waals (vdW)
materials with graphenelike arrangement of their magnetic
lattices has stimulated extensive research in this direction. A
strong response of physical properties of vdW materials to
variation of thermodynamics parameters, external actions, and
chemical doping makes them a perfect platform for the search
for novel physical phenomena in the 2D limit and develop-
ment of advanced applications in spintronics, optospintronics,
and straintronics [1,2].

One of the structurally simple model representatives of
2D van der Waals magnets is the family of transition-metal
phosphorus trisulfides, MPS3; (M = Mn, Fe, and Ni). These
crystallize in the bulk monoclinic crystal structure of C2/m
symmetry (Fig. 1), forming layers with a honeycomb arrange-
ment of magnetic M atoms [3]. Within each layer, linked by
van der Waals forces, the P,S¢ ligands form octahedral sulfur
coordination around M atoms and P, pairs are arranged at
the centers of the hexagons, perpendicular to the honeycomb
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planes. Despite the structural similarity, different types of
antiferromagnetic spin arrangements in MPS3; materials are
stabilized, mediated by the type of M atoms. In MnPS3;, a
quasi-2D Heisenberg AFM state with a propagation vector
k = (0, 0, 0) appears below the Néel temperature, Ty = 78
K. In FePS;, a quasi-2D Ising AFM state with £k = (0, 1,
1/2) is formed below Ty = 123 K. In NiPS3, a zigzag AFM
state with £k = (0, 1, 0) is found below Ty = 155 K [4-7]. In
the atomically thin forms, the antiferromagnetic order remains
stable down to the bilayer of MnPS; and monolayer of FePSs;
in the latter case, the Néel temperature is weakly reduced to
118 K [8,9]. In NiPS3, the AFM order is preserved down to
the bilayer with a more pronounced reduction of Ty to about
130 K, and it is suppressed for the monolayer [10].

Recently, it was demonstrated that applying high pressure
leads to the appearance of emergent physical phenomena in
MPS; (M = Mn, Fe, and Ni) systems. In these and relevant
materials, various structural phase transitions, pressure-
induced metallization (M = Fe and Mn), piezochromism
(M = Mn), and superconductivity (FePSes;) occur [11-16].
In FePSs, a strong coupling of magnetic order to structural
modification was also revealed. At pressures above 2 GPa,
the initial 2D-like AFM order with a propagation vector k
= (0, 1, 1/2) transforms to a 3D-like AFM order with a

©2024 American Physical Society
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FIG. 1. The crystal structure of MnPS; [3].

propagation vector k; = (0, 1, 0). The pressure-induced met-
allization leads to a melting of long-range AFM order above
13 GPa and the formation of magnetic short-range ordered
state persisting above room temperature [17].

Compared with FePSs3, the high-pressure response
of magnetic order and its relationship with structural
modifications in other representatives of the MPS; family
remains poorly explored. In this paper, we study in detail
high-pressure effects on the crystal structure, magnetic
structure, and vibrational properties of the MnPSj system in
bulk form, employing powder x-ray diffraction and Raman
spectroscopy at high pressures up to 28 GPa and powder
neutron diffraction up to 3.6 GPa.

II. EXPERIMENTAL DETAILS

The x-ray powder-diffraction (XRD) experiments at high
pressures up to 28 GPa were performed using the SAXS/WAXS
XEUSS 3.0 system (XENOCS) and Dectris Eiger 2R 500K
detector, Mo K|, radiation (A = 0.7115 A). A Boehler-Almax
plate-type diamond-anvil cell was used in the experiments.
Diamonds with culets of 300 um were selected. Hemispher-
ical holes with a half a culet diameter and depth of about
50 um were made in the culet centers to improve the pres-
sure homogeneity distribution. The sample was loaded into
a hole of 150 um diameter made in a Re gasket indented
to approximately 30-um thickness. No pressure-transmitting
medium was used to avoid its interaction with the studied
material. Two-dimensional XRD images were converted to
one-dimensional diffraction patterns using the FIT2D program
[18]. The pressure was determined using the ruby fluorescence
technique at three ruby balls, one in the center of the gasket
and two other close to boarders. At each ruby, accuracy of the
pressure determination was on the limit of 0.1 GPa.

Raman spectra at high pressures up to 26 GPa and ambient
temperature were obtained using a Confotec MR200 spec-
trometer (SOL Instruments) with a wavelength excitation of
532 nm from a diode-pumped solid-state laser, 1200-I/mm
grating, a confocal hole of 100 um, and a x20 objective. The
laser power was 17 mW. An absorption coefficient of MnPS;
for laser excitation wavelengths in the range 488—-633 cm™!

is relatively low (less than 1200 cm™!), and the local heating
effects should be negligible [19,20].

Neutron-powder diffraction measurements at pressures up
to 3.6 GPa were performed at selected temperatures of 15—
290 K on the DN-12 diffractometer (IBR-2 pulsed reactor,
JINR, Russia) [21]. A sample with a volume of approximately
2mm?> was loaded into a sapphire-anvil high-pressure cell
with culets of 4 mm [22]. Hemispherical holes with a di-
ameter of 2 mm were milled at the culet centers to give a
quasihydrostatic pressure distribution at the sample surface.
The diffraction patterns were collected at the scattering angles
of 90 ° and 45 ° with the resolution Ad/d = 0.015 and 0.022,
respectively. The pressure inside the sapphire-anvil cells was
measured using the ruby fluorescence technique. The pressure
gradients were less than 10% concerning the average pres-
sure value. The x-ray- and neutron-powder diffraction patterns
were analyzed by the Rietveld method using the FULLPROF
program [23]. The typical measurement time was about 1 h
for x-ray diffraction, 1 min for Raman, and 24 h for neutron-
diffraction measurements.

III. RESULTS AND DISCUSSION

A. X-ray diffraction

The x-ray diffraction patterns of MnPS3;, measured at
selected pressures and ambient temperature, are shown in
Fig. 2. At ambient conditions, they correspond to the
monoclinic crystal structure of C2/m symmetry. The ob-
tained values of the lattice parameters, a = 6.0440(5), b
= 10.5049(8), ¢ = 6.7866(6) A and monoclinic angle B =
107.65(7)°, are consistent with previous results [3]. With a
pressure increase up to P = 0.96 GPa, extra diffraction peaks
(=2 01)and (=1 3 2)/(1 3 2) at 20 = 154 and 19.3°
were observed, evidencing a structural phase transition.
On further compression up to P = 2.9 GPa, the inten-
sities of diffraction peaks of the ambient pressure phase
were suppressed gradually, and those of the emerged high-
pressure phase increased. Above 2.9 GPa, the fraction of the
initial phase becomes negligible, and the pressure-induced
structural phase becomes dominant. In a earlier study [15], a
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FIG. 2. XRD patterns of MnPS3, measured at selected pressures (a). The inset shows the evolution of enlarged parts of XRD patterns

over the structural phase transition. Sections of XRD patterns, measured at ambient pressure (b) and P = 2.9 GPa (c), refined by the Rietveld
method. The experimental curves and calculated profiles are shown. The ticks below represent the calculated positions of the diffraction peaks.

phase coexistence in a comparable pressure range up to about
5 GPa was also found.

The Rietveld analysis shows that XRD data of the high-
pressure phase may be described quite well within the
monoclinic structural model of C2/m symmetry but with
significantly reduced lattice parameters and nearly released
monoclinic distortion with the angle 8 now only slightly de-
viating from 90 ° (Fig. 3). A similar structural behavior was
also previously observed for FePS; [24] and assumed to be a
common trend for MPS3; compounds [13]. A shear of the van
der Waals planes during the phase transition results in the Mn
and P atoms being located at near-equivalent geometrical po-
sitions in neighboring planes [24]. The structural parameters
of initial and high-pressure phases at selected pressures are
given in Table L.

The volume compressibility data of the high-pressure
phase of MnPS; were fitted by the third-order Birch-
Murnaghan equation of state [25]:

P=3By(x 7P —x[1+ 2B -4 = 1],

where x = V/Vj is the relative volume change, Vi is the
unit-cell volume at ambient pressure, and By, B’ are the
bulk modulus [By = —V (dP/dV );] and its pressure deriva-
tive [B' = (dBy/dP)t]. The values of By = 40(3) GPa and
B’ = 8.0(9) were obtained. The bulk modulus, evaluated for
the ambient pressure phase of MnPS; at pressures up to

0.5 GPa, is By = 20(5) GPa (with B’ = 8.0 fixed), which is
half the value of the high-pressure phase.

The lattice volume of the high-pressure phase of MnPS;
demonstrates strongly preferred compression along the ¢
axis, the direction linking vdW layers. The relevant average
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FIG. 3. The lattice parameters, unit-cell volume, and monoclinic
angle (inset) of MnPS; as a function of pressure. The solid lines
represent the fits based on the Birch-Murnaghan equation of state
for the high-pressure phase.
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TABLE 1. Structural parameters of the initial and high-pressure
monoclinic phases of MnPSj; at selected pressures and ambient tem-
perature. The Mn atoms are located at positions 4(g) (0, y, 0), the P
and S1 atoms at positions 4(7) (x, 0, z), and the S2 atoms at positions
8(j) (x,y,z), space group C2/m. The R, and R,,, factors values are
also given.

P, GPa

Lattice parameters 0 42 9.7

a, A 6.0440(5) 5.8210(7) 5.7457(7)
b, A 10.5049(8) 10.3030(9) 10.1331(9)
c, A 6.7866(6) 6.0175(8) 5.7741(8)
B, deg. 107.65(7) 90.67(8) 90.59(8)
Atomic coordinates

Mn: y 0.328(3) 0.324(4) 0.320(4)
P:x 0.040(6) -0.005(6) -0.015(6)
z 0.136(3) 0.144(4) 0.135(4)
Ol: x 0.756(7) 0.651(8) 0.639(8)
z 0.251(3) 0.239(4) 0.239(5)
02: x 0.246(4) 0.174(5) 0.153(5)
y 0.165(2) 0.164(3) 0.169(3)
z 0.252(2) 0.248(3) 0.251(3)
Ry, % 6.56 2.83 3.15

Ryp, % 8.21 4.01 4.12

compressibility coefficient [k, = (—1/ai0)(da;/dP)r, a; =
a, b, c], k. =0.0262 GPa~! is about an order of magnitude
larger than those for the other lattice parameters, hav-
ing comparable values, k, = 0.0036 and k;, = 0.0046 GPa~!,
respectively. The established character of the lattice com-
pression is qualitatively comparable with the results of
density-functional theory calculations [16]. It should be noted
that the compression anisotropy along the c¢ direction in
MnPS; is more pronounced with respect to high-pressure
phases of the vdW magnets CrBr; and Fe;GeTe, having more
symmetric rhombohedral and hexagonal structures. The com-
pressibility coefficient of the ¢ lattice parameter in MnPS3 is
about 5-7 times larger with respect to ones in Fe;GeTe, and
CrBrs, respectively [26,27]. The difference in compressibil-
ities of the lattice parameters lying within the vdW layers
is less pronounced. The relevant coefficients for the a and
b lattice parameters of MnPS3, are close to those for the a
parameter of CrBrs and about 2.7 times larger with respect to
the a parameter of Fe;GeTe;.

MnPS3’s monoclinic high-pressure phase remains stable in
the studied pressure range up to 28 GPa. Another structural
modification appears likely at higher pressures of about 29—
30 GPa [12,15]. Such a structural behavior contrasts with
FePS;, where another structural phase transition occurs at
P~14 GPa [24].

B. Neutron diffraction

The neutron-diffraction patterns of MnPS3, measured at
selected pressures and temperatures, are shown in Fig. 4. At
ambient pressure below the Néel temperature Ty =~ 79(2) K a
noticeable magnetic contribution to the intensity of the closely
located peaks (0 2 0) and (1 1 0) merging into a broad peak
at about 5.17 A was observed, indicating the onset of long-
range AFM order with propagation vector k = (0, 0, 0). The
ordered magnetic moments are oriented nearly perpendicular

@ T L (b) . 15x]4000
5000 |- B :
1GPa, 15K £
Rup=9.22% 3 —
@ - 3000 &
£ 4000 e =
5 1GPa, 90 K =
o [Rup=8.87 % 2
g " re 5
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g s 2000 >
s 2
[0
E 2000 =
- =4 1000
0GPa (-111)
1000 0-21)
» A Ll 0
4 5 6

d-spacing (A) d-spacing (A)

FIG. 4. The neutron-diffraction patterns of MnPS;, measured
at selected pressures and temperatures and fitted by the Rietveld
method (a). The experimental points and calculated profiles are
shown. The ticks below represent the calculated positions of the
structural peaks. The magnetic contribution to sections of neutron-
diffraction patterns at 15 K was obtained by subtracting data from
the paramagnetic region above Ty, fitted by the Rietveld method (b).
The ticks below represent the calculated positions of the peaks with
the magnetic contribution.

to the vdW (0 O 1) planes and their values evaluated at 15 K
are m = 4.3(1) ug, comparable with those of 4.5 pz found in
previous studies [4,28]. In the temperature region above Ty,
additional broad diffuse scattering was observed around the
(—1 1 1) peak located at the d spacing of 4.69 A. This may
occur due to the formation of a rodlike 2D lattice in the recip-
rocal space, related to additional magnetic phase with similar
spin arrangement corresponding to the two-dimensional lat-
tice of the vdW layers, as discussed in Ref. [28].

At high pressure of 1 GPa, a shift and redistribution of the
intensity of the structural peaks initially located at ~3.2,2.9 A
and ~2.4, 2.6 A is observed, signaling the appearance of the
structural phase transition (Fig. 4). Surprisingly, the symmetry
of the long-range magnetic order remains preserved in the
pressure-induced phase for the whole analyzed pressure range
up to 3.6 GPa, as revealed from the Rietveld analysis of the
magnetic contribution to the diffraction patterns, obtained by
subtraction of the data measured in the paramagnetic region
above Ty. In this procedure, the Mn atom coordinates derived
from the XRD refinements were used. The observed behavior
is in contrast to FePS3, where a similar phase transition leads
to a drastic change of zigzaglike AFM state, caused by the
modification of the magnetic coupling between vdW layers
from antiferromagnetic to ferromagnetic and overall magnetic
structure from 2D-like to more 3D-like [17].

In order to determine a pressure dependence of the Néel
temperature, the magnetic contribution to the integrated in-
tensity of the (020)/(110) peaks (Fig. 5), normalized to
that determined at 15 K, was fitted by a modified function
L020/(10)/T020)/110)-15% = (1 — (T /Ty)*)*”. It provides bet-
ter fitting quality of experimental data for the low-temperature
range in comparison with a conventional power law, cor-
responding to a fixed value of the parameter ¢ = 1. The
parameter o values were found to change from 1.9(1) to
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FIG. 5. Temperature dependence of the magnetic contribution to
the integrated intensity of the (020)/(110) peaks at selected pres-
sures, normalized to those determined at 15 K. The solid lines
represent interpolations by functions I0)/(110)/Z020)/110)=15k =
(1 — (T/T)*)*. The pressure dependence of the Néel temperature
and its linear interpolation (inset).

1.0(1) and the critical exponent values increase slightly in
the range from g = 0.20(3) at 0 GPa to 0.24(3) at 2.8 GPa.
An additional evaluation of the critical exponents using the
conventional power law with « = 1 in a more restricted
temperature range down to 30 K has provided about the same
values of critical exponents within the determination accuracy.
The obtained 8 values remain comparable in the studied pres-
sure range with one of § = (.25, found from analysis of the
(0 2 0) magnetic peak intensity, sensitive to full magnetiza-
tion, in the neutron-scattering study with the single-crystalline
sample of MnPSj3 at ambient pressure [29]. They are also close
to B = 0.23, characteristic for the 2D XY model [30]. Some
distinction between the § value obtained at ambient pressure
in the present work with respect to Ref. [29] is likely related to
use of the polycrystalline sample, providing possibility for the
analysis of the merged (020)/(110) peak only based on powder
neutron-diffraction data.

With a pressure increase up to 3.6 GPa, the Néel tem-
perature increases noticeably up to 103 K with a pressure
coefficient of dTy/dP = 6.7 K/GPa. This value is compara-
ble with the 7.7 K/GPa obtained for the low-pressure phase
of FePSs [17]. However, it is nearly half the value of ~
12 K/GPa estimated from magnetization measurements in the
more restricted pressure range up to 0.9 GPa [31]. This differ-
ence is likely associated with the use of the single-crystalline
sample and piston-cylinder high-pressure cell in Ref. [31],
which may result in pronounced uniaxial pressure effects,
if compression is performed along the ¢ axis, linking vdW
layers.

The ordered Mn magnetic moments at 15 K are reduced in
magnitude by about 30% to 3.0(1) ug at 3.6 GPa, while their
orientation with respect to the vdW (0 O 1) planes remains
about the same. This observation may be associated with
enhanced geometric frustration effects, mediated by compet-
ing in-plane magnetic interactions, whose balance is modified
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FIG. 6. The Raman spectra of MnPS;, measured at high pres-
sures up to 25.8 GPa.

in the pressure-induced phase. The additional broadening of
the magnetic contribution to the integrated intensity of the
(020)/(110) peaks (Fig. 4) is likely caused by appearance of
residual strains formed in the sample volume during the struc-
tural phase transition between two monoclinic modifications
with noticeably different lattice parameters, superimposed on
the pressure gradients (which are typically of about 10-15%).

C. Raman spectroscopy

The Raman spectra of MnPS; measured at high pressures
up to 25.8 GPa are shown in Fig. 6. For the lowest pressure of
0.2 GPa, close to ambient pressure, eight vibrational modes
located at 581 (M1), 568 (M2), 384 (M3), 273 (M4), 245
(M5), 226 (M6), 154 (M7), and 116 (M8)cm~! were ob-
served, in agreement with previous studies [32]. For the point
group Cyy, relevant to the monoclinic structure of MnPS3 with
C2/m space-group symmetry of the unit cell, the I'- point ir-
reducible representationis I' = 16A, + 14A, + 128, + 18B,,
where A, and B, modes are Raman active [33].

The observed vibrational modes were assigned according
to Refs. [8,32] and presented in Table II. The metal-ion vi-
brations noticeably contribute to the lower-frequency modes
(M6-M8), while higher-frequency modes (M1-M5) involve
mainly vibrations of the P,Sg molecular groups. In particular,
the M1 mode is associated with P—P bond stretching, the
M3 mode with P—S bond symmetric stretching, and the M5
mode with movements of the chalcogen planes in opposite
directions to each other, providing modulation of the van der
Waals gap [32,33].

The frequencies of all the observed modes increase upon
lattice compression (Fig. 7). The pressure behaviors of
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TABLE II. The assignment of the observed Raman modes of MnPSj3, pressure coefficients, and mode-Griineisen parameters y; calculated
for different pressure ranges. The mode-Griineisen parameters y; are determined as y; = By/[v;(dv;/dP)1], where By is the bulk modulus.

Raman mode vy (cm™1) dv;/dP (cm~' /GPa)
M, 580 2.33 P < 6GPa 1.58 P > 6 GPa 0.08 P < 6 GPa 0.11 P > 6 GPa
P < 12GPa P > 12GPa P < 12GPa P > 12GPa
M, 567.9 2.76 - 0.09 -
M; 383.8 1.94 1.12 0.1 0.11
M, 273.6 32 1.47 0.23 0.2
P < 6GPa P > 6 GPa P < 6GPa P > 6 GPa
M;s 245.7 5.56 2.47 0.45 0.36
M 225.9 3.35 1.2 0.29 0.2
M; 154.6 3.15 1.29 0.41 0.31
Mg 116.6 33 0.28 0.57 0.08
M, 275.9 - 1.63 - 0.24

the lower-frequency M5-M8 modes demonstrate anomalies
caused by a change of pressure coefficients (their values
dv;/dP along with the mode-Griineisen parameters are listed
in Table II) at P~6 GPa. The above-mentioned modes involve
both PS¢ groups’ and Mn atoms’ vibrations, rearrangement
of which in the crystal lattice during the phase transition
results in modification of their pressure dependences due to
different compression properties of the initial and pressure-
induced phases. As the transition evolves over a phase
coexistence range, this effect becomes well visible at comple-
tion of the transition at P ~ 6 GPa. In contrast, high-frequency
modes are associated with the P,S¢ molecular group vibra-
tions only, geometry of which is not affected by the phase
transition, providing absence of well-detectable anomalies in
their pressure behaviors.

Above P = 6GPa, an additional weak mode (M9) at
275cm~! was also detected. Its appearance may be related
to splitting the M4 mode into A, and B, components due
to structural modification at the phase transition. Indeed, the
mode-Griineisen parameters of these modes (Table II) are very
close, supporting this conclusion.

The mode-Griineisen parameters associated with in-
tramolecular vibrations of the P,S¢ molecular groups (M1,

M3, and M4) remain about the same in the pressure-induced
phase, while those involving vibrations of metal ions (M6—
MBS) or vibrations of chalcogen atoms in neighboring vdW
planes (M5) decrease noticeably (Table II). The most pro-
nounced reduction of the y value is found for the M8 mode,
involving in-plane vibrations of the Mn atoms.

At pressures around 12—-15 GPa, a merging of the M1 and
M2 modes and less-pronounced changes in the pressure slope
of the M3 and M4 modes were revealed. In this pressure re-
gion, the a- and c-lattice parameters become close (Fig. 2) and
their relationship changes from a > c to a < c. The structural
rearrangements within the monoclinic high-pressure phase
associated with the lattice compression anisotropy may be
responsible for these effects. Previously, such effects were
ascribed to a possible structural phase transition in MnPSs;,
resulting in the change of the lattice symmetry to trigonal
P31m [14], as in FePSs at P ~ 14 GPa [24]. However, this
transition in FePS; results in a huge interplanar distance
collapse by about 15% [17], which could be easily detected
by the abrupt shift of the (0 0 1) diffraction peak and collapse
of the c-lattice parameter. The absence of an abrupt shift in
(0 0 1) peak position located at 26 = 6.3° as well as other
qualitative changes at 12-15 GPa in our XRD data and
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FIG. 7. Pressure dependencies of the observed Raman-mode frequencies of MnPS;. Solid lines represent linear fits to experimental data.
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anomalies in pressure behavior of lattice parameters al-
low us to exclude this scenario for MnPS3. Moreover, at
the pressure-induced monoclinic-trigonal phase transition in
FePS3, abrupt shifts of particular modes’ frequencies to higher
values and several extra modes appeared [34,35]. This con-
trasts with the observed pressure behavior of Raman spectra
of MnPS;. All these findings allow us to exclude the sce-
nario of the monoclinic-trigonal phase transition in MnPS3
at 12-15 GPa and associate the observed effects with the
structural rearrangements within the high-pressure mono-
clinic phase. It should be noted that another structural phase
transition with a significant volume collapse, accompanied by
the semiconductor-metal transition, was found in MnPS3 at
higher pressures of about 29-30 GPa [12,15]. This suggests
that the trigonal phase in MnPS; is formed at P ~ 30 GPa,
which is beyond the scope of the present study.

D. Discussion

The pressure-induced structural phase transition of the
same nature results in a drastically different response of the
magnetic state of MnPSs compared to FePS;. In the MPS;
systems, long-range magnetic order is formed by a com-
peting balance of first- (J;), second- (J;), and third- (J3)
nearest-neighbor magnetic interactions within the vdW planes
and much weaker interplane (J;) interactions [36,37]. For
MnPS3, exchange constants for all the in-plane interactions
are negative, and the first-neighbor interaction is the strongest
one, J; = —0.77, J, = —0.07, and J3 = —0.18 meV, while
Ji = 0.0019 meV is positive [29]. Accordingly, an AFM state
with propagation vector ¢ = (0, 0, 0) is formed, with AFM
coupling of the nearest-neighboring Mn spins within the vdW
planes and FM coupling of neighboring vdW planes along the
¢ axis. Upon lattice compression, the symmetry of the mag-
netic state is preserved, and the Néel temperature increases
with a relatively large pressure coefficient of d7n/dP =
6.7 K/GPa. This implies that the leading first-neighbor AFM
interaction strength increases significantly while the inter-
plane magnetic interaction remains FM. In the mean-field
approach [38], neglecting the weakest interplane magnetic
interaction, the relationship between Ty and the in-plane ex-
change parameters is

Ty =SS + 1)(=3Jy — 6J, — 3J3)/3ks,

where § = 5/2 is the spin of Mn>* ions and kg is the Boltz-
mann constant.

For MnPS3, J, and J5 exchange constants are much smaller
in magnitude with respect to J;. Neglecting their contribution,
one may evaluate the pressure coefficient for the leading first-
neighbor exchange constant J; as dJ; /dP ~ —0.6 meV /GPa.

For FePSs3, the exchange constant of the first-neighbor in-
plane interaction is positive, while those of the second- and
third-neighbor in-plane interactions, as well as the interplanar
one, are negative, J; = 1.46, J, = —0.04, J;3 = —0.96 meV,

and J; = —0.007 meV [36]. Due to comparable magnitudes
and opposite sign of J; and J3, and negative J;, a more com-
plex zigzaglike AFM state with the antiparallel coupling of
Fe spins between the neighboring vdW planes along the ¢
axis with a propagation vector k = (0, 1, 1/2) is formed. In
the pressure-induced monoclinic phase, long-range magnetic
order is modified from 2D-like to 3D-like with a propagation
vector k; = (0, 1, 0) and parallel spin arrangement of Mn>*
ions in the neighboring planes along the ¢ axis [17]. This
implies that high pressure modifies the sign of the interplanar
exchange constant J; from negative to positive. A larger value
of the pressure coefficient d7y/dP = 7.7K/GPa for FePS;
reflects a more noticeable contribution from the third-nearest
in-plane magnetic exchange interaction, more pronounced
than in MnPS;.

IV. CONCLUSIONS

The obtained results have provided important insights
into the high-pressure behavior of the structural and mag-
netic states of quasi-two-dimensional layered van der Waals
material MnPS;. A gradual structural phase transition to a
pressure-induced monoclinic phase with a released mono-
clinic distortion and significantly reduced lattice parameters
evolves in the pressure range of ~1-6 GPa, as evidenced by
the XRD and Raman spectroscopy data. In the phase transition
region, anomalies in the pressure behavior of several Raman
modes were observed. There was no evidence for additional
phase transitions in the studied pressure range up to 28 GPa.

The AFM magnetic state with a propagation vector k =
(0, 0, 0) remains stable in MnPSj at high pressures, at least
up to 3.6 GPa, and the Néel temperature increases noticeably
with a pressure coefficient of dT\y/d P = 6.7 K/GPa, resulting
in the relevant modification of the exchange parameter of the
leading first-neighbor magnetic interaction with a pressure
coefficient dJ; /dP ~ —0.6 meV /GPa. The contrasting pres-
sure behavior of the magnetic state of MnPS; with respect
to FePS; is caused mainly by different signs of interplane
magnetic interaction exchange constant at ambient pressure,
which remains positive in the case of MnPS3, and changes
from negative to positive under pressure in FePSs. The estab-
lished relationships between structural and magnetic pressure
behaviors of MnPS3; and related MPS; materials are important
for further development of applications based on pressure and
strain response of their functional properties as elements of
photoelectronic, spintronic, and straintronic devices.
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