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Comparative structural evolution under pressure of powder and single crystals of the layered
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FePS; is a layered magnetic van der Waals compound that undergoes a Mott insulator-metal transition under
applied pressure. The transition has an associated change in the crystal symmetry and magnetic structure.
Understanding the underlying physics of these transitions requires a detailed understanding of the crystal

structure as a function of pressure. Two conflicting models have previously been proposed for the evolution
of the structure with pressure. To settle the disagreement, we present a study of the pressure-dependent crystal
structures using both single-crystal and powder x-ray diffraction measurements. We show unambiguously that
the highest-pressure transition involves a collapse of the interplanar spacing, along with an increase in symmetry
from a monoclinic to a trigonal space group, to the exclusion of other models. Our collected results are crucial
for understanding high-pressure behavior in these materials and demonstrate a clear and complete methodology
for exploring complex two-dimensional material structures under pressure.
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I. INTRODUCTION

Two-dimensional materials whose layers are only weakly
connected by van der Waals (vdW) bonding have emerged as
systems of considerable current interest both from the point
of view of their fundamental properties and the possibility
to exploit them in nanoscale multifunctional devices, transis-
tors, spintronic gates, and sensors. In recent years a number
of material families have gained renewed interest as their
magnetic and electronic interactions are intertwined, putting
them firmly in the realm of quantum materials research. These
systems are quasi-two-dimensional in bulk but can be delam-
inated, allowing for the exciting possibility of understanding
correlated quantum systems all the way from a bulk sample
down to a single atomic layer.

The MPS; materials (M = first row 2+ transition metal)
form one such family. Under ambient pressure they are an-
tiferromagnetic Mott insulators with a common monoclinic
structure, space group C2/m, consisting of near-perfect hon-
eycomb layers of transition metal ions in the ab planes [1,2].
The weak coupling between the planes extends to both the
structural and magnetic properties, making them a good ap-
proximation of a two-dimensional magnetic system. They can
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be delaminated down to a monolayer, making them ideal
model materials in which to explore two-dimensional mag-
netic systems and associated correlated electron physics [3].

Complementary to thickness-control studies, a reduction
of the interlayer spacing may give rise to a more three-
dimensional structure, changing the magnetic and transport
properties. The application of hydrostatic pressure is an ex-
cellent, targeted technique for tuning in this manner. When
applied to stoichiometric compounds, it provides a cleaner
avenue to study exotic phenomena in other low-dimensional
materials [4], for example, the pseudogap phase in high-
temperature superconductors. Indeed, studies on MPS; have
demonstrated the presence of Mott insulator-to-metal tran-
sitions [5] and even the emergence of superconductivity in
FePSe;s [6].

The insulator-to-metal transition in FePS; occurs at a pres-
sure of 14 GPa. The transition is accompanied by changes in
the magnetic properties [6,7] and by changes in the crystal
structure. Precise knowledge of the pressure-dependent crys-
tal structure is essential for a fundamental understanding of
the novel electronic and magnetic properties. X-ray diffraction
with synchrotron radiation is an appropriate method for such
a study. The evolution of the crystal structure of powdered
FePS; as a function of pressure has previously been studied
using x-ray diffraction by two groups [6,8], however, the
interpretations of the data are contradictory. The studies agree
that the insulator-metal transition is accompanied by a volume

©2023 American Physical Society
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collapse in the unit cell, but the proposed models for the
structures are very different.

Haines et al. [8] propose that FePS; undergoes two struc-
tural phase transitions up to 30 GPa. The first, at a critical
pressure of 4 GPa, is characterized as a shear of the weakly
coupled ab planes along the crystallographic a direction,
maintaining the ambient-pressure C2/m space group while
reducing the angle § to very nearly 90°. The second transition
occurs at 14 GPa, concomitant with the insulator-metal transi-
tion. The volume collapse is due to a dramatic reduction of the
interplanar spacing with a simultaneous symmetry increase to
a trigonal P31m space group.

Wang et al. [6] propose that there is no change of the
crystallographic space group and the C2/m is maintained
at all pressures, with no large change in 8. They attribute
the volume collapse to a discontinuous reduction in the a
and b lattice parameters, requiring a shrinking of the Fe?*
honeycombs. They furthermore present indirect results on the
magnetism from x-ray emission spectroscopy suggesting that
the compound becomes nonmagnetic, which contradicts neu-
tron diffraction measurements that show a nonzero sublattice
moment with short-ranged order [7].

Further experiments are required to determine unambigu-
ously the pressure-dependent crystal structure of FePS; both
to resolve the contradictions between the two groups and for
ab initio calculations of the physical properties [9,10]. We
report here a comprehensive study examining the evolution
of the crystal structure under pressure of FePS; by diffraction
of synchrotron radiation, and are able uniquely to draw ro-
bust conclusions without relying on any choice of model to
interpret or fit the raw data. We show new data from both
single-crystal and powder samples in diamond anvil cells
with a helium pressure transmitting medium, and compare
these new data with previously published measurements [8]
of powder samples without a pressure medium. The highest-
pressure transition is found in all cases to include an increase
in symmetry to a trigonal P31m structure and a collapse of
the interplanar spacing. The extent of this c-axis collapse is
found to be sensitive to the presence of a helium pressure-
transmitting medium, being greatest in experiments without
such a medium, showing that careful consideration of the
sample environment is necessary for the understanding of the
high-pressure behavior of this material. Our conclusions will
allow accurate ab initio calculations of the electronic and mag-
netic properties, and the methodology we employ provides a
general template for structural studies of similar compounds
at high pressures.

II. METHODS

Single crystals of FePS; were grown by a vapor transport
method as described in detail in Ref. [11]. Samples were
manually delaminated down to a thickness of ~15 um and cut
to squares of side length 80 um. Single-crystal x-ray diffrac-
tion data were collected at room temperature on the 119-2
beamline at the Diamond Light Source. An incident beam
of wavelength 0.4859 A (E =25 keV) was used to collect
diffraction patterns using a Dectris Pilatus 300K detector.
The platelet samples were mounted such that the ¢* axis was
approximately parallel to the incident beam. Data were then

collected as the crystal was rotated about ¢» and w in a standard
configuration. The data were analyzed using CRYSALIS PRO
software [12].

Powder samples were prepared by grinding the as-grown
crystals under liquid nitrogen in order to mitigate the noted
tendency towards strong preferred orientations in these ma-
terials. This preparation is identical to that used in previous
work [8]. Powder x-ray diffraction measurements at room
temperature were performed on the 115 Extreme Conditions
beamline at the Diamond Light Source. X rays of wavelength
0.4246 A (E = 29.2 keV) were used with a MAR345 area de-
tector. The data were initially processed using DAWN software
[13] with Rietveld and Le Bail refinements performed using
TOPAS [14] and GSAS-1I [15]. Full details and discussion of the
data treatment and refinement, as well as raw data and analysis
and comparisons of the models employed in the literature
are shown in the Supplemental Material [16] and references
therein [17-23].

Rhenium gaskets were used with the diamond anvil cells
of culet size 400 um for both experiments, and the cells were
loaded with helium gas as a pressure-transmitting medium.
Load was applied using a gas loading membrane system. The
pressure inside the sample space was determined by measure-
ment of the fluorescence of ruby spheres inserted alongside
the sample [24]. We estimated the uncertainties on pressure
values to be approximately £0.2 GPa, based on the width of
the fluorescence peak and on measuring separate ruby spheres
at differing locations within the sample environment.

Diffraction peaks arising from the diamond anvils were
identified by fitting the known diamond unit cell and were re-
moved from subsequent treatment. Regions of detector images
containing powderlike rings from the rhenium gasket were
also identified, and were excluded from refinements.

III. RESULTS

Both the powder and single-crystal data confirm the pres-
ence of the two structural phase transitions observed by
Haines et al. [8]. The three phases are hereafter designated
HP-0, HP-I, and HP-II for the ambient-, intermediate-, and
high-pressure regimes, respectively. The transition from HP-0
to HP-I occurred at 4 GPa while the transition from HP-I to
HP-II occurred at 14 GPa. Analysis confirmed the conclu-
sions of Haines et al. [8], that the HP-I phase has a space
group C2/m with 8 =~ 90° and the HP-II phase had a higher-
symmetry trigonal P31m space group. All the transitions were
abrupt with no clear evidence of phase coexistence. Unit-cell
and single-crystal refinement parameters for each phase are
given in Table I. Complementary parameters from refining the
power data are shown in Tables S1- S3 in the Supplemental
Material [16].

The data show unambiguously that the volume collapse at
the HP-I to HP-II transition is due to a dramatic reduction in
the interlayer spacing between the ab planes. This conclusion
is clear from an observation of the positions of the 00/ peaks
which give a direct measure of the interlayer distance. These
peaks, in particular 001, are visible in the powder data. The
analysis relies on the correct indexation of diffraction peaks.
Refinements using the model of Wang et al., with the same
C2/m space group, were possible but led to a misidentification
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TABLE I. Lattice parameters, space groups, completeness, and Ry, for the three identified phases as determined from single crystal data

using CRYSALIS PRO.

a(A) b(A) c(A) B (deg) Comp. Rin
Ambient/HP-0 (1.2 GPa) C2/m 5.80(1) 10.030(6) 7.1(1) 106.9(7) 37.99% 0.1256
HP-I (6.7 GPa) C2/m 5.802(2) 10.056(4) 5.95(7) 90.0(1) 26.97% 0.0880
HP-II (20.1 GPa) P31m 5.665(4) 5.02(9) 30.83% 0.2056

of the 001 peak in the HP-II phase, and an overall structure
which was clearly incompatible with the single-crystal data.
Definitive proof of the collapse of the interlayer spacing
comes from the single-crystal measurements. The 001 peak
was not accessible in the single-crystal measurements due
to the experimental geometry. However, peaks at Okl were
accessible and provide clear measures of lattice spacings. The
b* and ¢* directions are orthogonal in all the considered space
groups, being in and normal to the ab planes, respectively. The
separation in , expressed in A~!, gives the interlayer spacing,
and the positions in k, again in A~', give a characteristic in-
traplanar distance. These values are independent of the choice
of space group, thus giving model-free lattice spacings.
Figure 1 shows slices of the (0kl) scattering planes gen-
erated from single-crystal diffraction data at three pressures
corresponding to the HP-0, HP-I, and HP-II regimes. Strong
monoclinic 06/ and 06/ peaks for [ = —1, 0, 1, which are in-
stead indexed in HP-II as O — 3/ and 03/ respectively visible
alongside powder rings from the rhenium gasket. Smearing
of the strongest Bragg peaks parallel to the ¢* direction is
attributable to stacking faults and the quasi-two-dimensional
nature in this family of materials [17,25,26]. These slices
show a distinct increase in the separation of the peaks along
the ¢* direction between the HP-I and HP-II phases, corre-
sponding to a reduction in the interplanar distance, without a
similar change in the 0k0 distances. This is unambiguous ev-
idence that the volume reduction upon the transition to HP-II
is due to changes in the separation between the planes, rather
than an intraplanar change of the honeycombs themselves.
The characteristic inter- and intralayer spacings extracted
from the Le Bail (powder) and single-crystal (CRYSALIS PRO)
refinements, based on the Haines et al. model, and from the
model-free fitting of the peak positions in the (0k!) slices are
shown in Figs. 2 and 3, respectively. The data analysis meth-
ods are described in the Supplemental Material. The transition
from the HP-0 to the HP-I phase is not clearly observable in
the figures as this transition involves a shear along the a axis,
with a minimal change in the characteristic spacings, but is
apparent in a change in intensities for the powder data around

the 131 and 202 peaks as shown in Fig. S4 in the Supplemental
Material [16].

The HP-I to HP-II transition is clearly observed in all data
sets at 14 GPa and, as shown in Fig. 2, in all cases involves
a reduction of the interplanar distance. The evolution of the
interplanar spacing, including the magnitude of the reduction
at 14 GPa, agree quantitatively at all pressures between the
single-crystal and powder data analysis. A line showing a fit
of the data in the HP-II phase is shown in the figure.

The previously published data of Haines et al. have also
been included in this figure, showing the same discontinuous
change at the same critical pressure. There is a quantitative
difference in the magnitude of the change which may be
attributed to the use of a pressure medium. A helium medium
was used for the current data where none was used by Haines
et al. The data of Haines et al. in the HP-II phase are visibly
lower and flatter than the current data, as is apparent from
a comparison with the linear fit to the current data. The no-
medium data show a greater reduction at the phase transition,
with a change of 13.5% from 5.72(1) to 4.95(1) A, while the
data sets taken with a helium medium show a mean reduction
of 11.7%, from 5.79(3) to 5.2(1) A.

The characteristic intraplanar distances are shown in Fig. 3.
The distances may be correlated to the nearest-neighbor dis-
tances between Fe?" ions in the honeycombs shown in the
inset of the figure. In the limit of a perfect honeycomb struc-
ture, which is almost exact for FePS; at ambient pressure [1],
the spacing of these (0k0) planes is equal to half the side
length of a hexagon. The single-crystal data match quanti-
tatively with the results from Haines er al. The data show
that the characteristic intraplanar spacing does not display a
significant discontinuity across any of the transitions. How-
ever, a discontinuity is observed in the gradient of this value
with pressure across the HP-II transition, with the in-plane
distance being more resistant to compression in the HP-II
phase. The absence of a discontinuous change, combined with
the observation of the collapse shown in Fig. 2, shows un-
ambiguously that the volume collapse is due to the interlayer
spacing.

FIG. 1. Reciprocal space image of the (0k/) scattering plane in single-crystal FePS; in the three distinct structural phases at (a) 1.2 GPa,
(b) 6.7 GPa, and (c) 19.1 GPa. Visible spots in the lower two pressures are indexed with k = £6 and in the highest pressure as k = £3. The
dashed lines from bottom to top indicate the lowest-pressure position of the 0k1, 0k0, and Ok1 lines, illustrating the increase in Qo) with
pressure.
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FIG. 2. d spacing of the 001 diffraction peak, corresponding to
the interlayer separation in FePS; in (cyan) single-crystal refinement;
(red) single crystal as determined from (0k/) images; (green) powder
sample with a He pressure medium; (blue) powder x-ray diffraction
data without a pressure medium of Haines et al. [8]. The black line
shows a linear fit to the HP-II values of all measurements using
a He pressure medium and the shaded region the associated 95%
confidence intervals as determined by the MATLAB fit.

The determination of the intraplanar distances from the
new powder data with the helium medium was ambiguous
due to an experimental constraint limiting the detector angle
range that provided usable data. Although the intraplanar dis-
tance could be reliably determined as the 001 peak appears
at a small scattering angle, reliable values for the in-plane
lattice dimensions could not be extracted in the HP-0 and HP-I
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FIG. 3. Average intraplanar nearest-neighbor distance between
Fe ions as a function of pressure as determined from (cyan) single-
crystal refinement; (red) single crystal as determined from (0k/)
and equivalent images; (green) powder sample with a He pressure
medium; (blue) powder diffraction without pressure medium. Inset:
Fe cations in the ab planes of the monoclinic and trigonal unit cells
as viewed along the ¢* axis. The spacing of the (060) monoclinic or
(030) trigonal lattice planes is shown in red.

phases due to covariance between the refinement parameters.
Full details are provided in Sec. 6 of the Supplemental Ma-
terial. Hence, only values for the trigonal HP-II phase, where
a = b, are shown in Fig. 3. The gradient for the new powder
data matches those of the other experiments but there is a
difference in the magnitudes. Given the similar behavior for
all the data observed in Fig. 2, there is no reason to doubt that
the gradient in the HP-O and HP-I phases also matches the
other experiments and that no discontinuity is present at the
HP-II transition.

IV. DISCUSSION

Our results verify the structural model determined by
Haines et al. and prove that the volume collapse at the HP-I
to HP-II transition is due to a discontinuous change in the
interplanar spacing. Our conclusions are unambiguous and
apparent due to the use of a model-free method measuring
the reciprocal-space distances between Bragg peaks that are
clearly correlated with specific, characteristic spacings in the
unit cell. Our results provide a foundation for future ab ini-
tio calculations on FePSj3, and the methodology employed
establishes a template for rigorous high-pressure structural
studies on related low-dimensional compounds such as M-
dichalcogenides [27], M1; [28], MP(S, Se); [5,6], MnSb,Te4
[29], CrGeTes [30], and CrPS, [31].

The magnitudes of the high-pressure lattice parameters
show differences between the data sets taken under different
conditions. This is particularly evident for the powder data
with a helium pressure medium in Fig. 3, and is also true for
data <20 GPa in the HP-II phase in Fig. 2. There are two
potential factors influencing this behavior which are immedi-
ately suggested: the presence of a helium pressure medium
and the form of the sample.

The pressure-transmitting medium allows a more hydro-
static pressure distribution in the sample. It is noteworthy that
no phase coexistence was observed in the new data with a
helium pressure medium, but a significant phase coexistence
was observed in the data of Haines et al. where no pressure
medium was used. Inhomogeneity in the local pressure in the
absence of a transmitting medium may explain this disparity.
The effect of a more significant uniaxial component of pres-
sure on the interplanar spacing and volume collapse warrants
further investigation.

A more subtle effect may be the interaction of helium
itself with FePS;. The intercalation of MPS; materials with
elements such as lithium [32] has been found to strongly affect
both the electronic and magnetic properties. The differences
seen in Fig. 3 between the single-crystal and powder data,
both with a helium medium, could then arise from differing
amounts of intercalation into the material with the interca-
lation being more complete in the powder sample. Similar
effects have been seen when intercalating graphite with Li
[33] or Yb [34] where the intercalation was limited to the
edges of the sample.

Potential effects due to structural transitions in the helium
pressure medium are likely minor for our overall conclusions.
Helium solidifies at 300 K and 11.5 GPa [35], which is suffi-
ciently far from the HP-I to HP-II transition that any influence
can be disregarded, and solid helium remains extremely soft in
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comparison to the sample itself. X-ray studies of the structural
evolution under pressure of the related compound V¢PS3
showed no effect of the helium solidification [36].

Regardless of the microscopic origins, the quantitative
differences between measurements made under different con-
ditions cannot be ignored. They are direct evidence that the
high-pressure properties of these types of material are sen-
sitive to experimental factors. Theoretical calculations must
make careful consideration of the sample conditions when
using experimental data as a basis for the determination of
properties such as band structures.

V. CONCLUSION

In conclusion, we determine and confirm a detailed model
of the structural transition linked to metallization and new
magnetic states in HP-II FePSs. This transition involves a
symmetry increase from space group C2/m to P31m and a
significant volume collapse due to a reduction of interplanar
spacing. By drawing together data under multiple experimen-

tal conditions and using symmetry arguments to analyze raw
data, we are able to categorically rule out other models pro-
posed. We find that the extent of the collapse is sensitive to
the use of a helium pressure medium and note that considera-
tion must be given to these factors in future experiments and
calculations.
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