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Emergent Magnetic Phases in Pressure-Tuned van der Waals Antiferromagnet FePS;
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Layered van der Waals 2D magnetic materials are of great interest in fundamental condensed-matter
physics research, as well as for potential applications in spintronics and device physics. We present neutron
powder diffraction data using new ultrahigh-pressure techniques to measure the magnetic structure of Mott-
insulating 2D honeycomb antiferromagnet FePS; at pressures up to 183 kbar and temperatures down to
80 K. These data are complemented by high-pressure magnetometry and reverse Monte Carlo modeling of
the spin configurations. As pressure is applied, the previously measured ambient-pressure magnetic order
switches from an antiferromagnetic to a ferromagnetic interplanar interaction and from 2D-like to 3D-like
character. The overall antiferromagnetic structure within the ab planes, ferromagnetic chains antiferro-
magnetically coupled, is preserved, but the magnetic propagation vector is altered from k = (0, 1%) to
k = (0,1,0), a halving of the magnetic unit cell size. At higher pressures, coincident with the second
structural transition and the insulator-metal transition in this compound, we observe a suppression of this
long-range order and emergence of a form of magnetic short-range order which survives above room
temperature. Reverse Monte Carlo fitting suggests this phase to be a short-ranged version of the original
ambient-pressure structure—with the Fe moment size remaining of similar magnitude and with a return to
antiferromagnetic interplanar correlations. The persistence of magnetism well into the HP-II metallic state
is an observation in contradiction with previous x-ray spectroscopy results which suggest a spin-crossover
transition.

DOI: 10.1103/PhysRevX.11.011024 Subject Areas: Condensed Matter Physics, Magnetism,
Strongly Correlated Materials

*Corresponding author.
matthew.coak @warwick.ac.uk

Corresponding author.
sss21 @cam.ac.uk

Published by the American Physical Society under the terms of the Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s) and the published article’s title, journal citation, and DOIL

2160-3308/21/11(1)/011024(13) 011024-1 Published by the American Physical Society


https://orcid.org/0000-0002-1015-8683
https://orcid.org/0000-0002-3900-2981
https://orcid.org/0000-0003-3236-8048
https://orcid.org/0000-0003-3957-2818
https://orcid.org/0000-0002-2274-0988
https://orcid.org/0000-0002-3509-951X
https://orcid.org/0000-0002-1274-8329
https://orcid.org/0000-0003-3480-1888
https://orcid.org/0000-0002-2324-3051
https://orcid.org/0000-0001-8480-0117
https://orcid.org/0000-0002-5682-4960
https://orcid.org/0000-0003-4611-2393
https://orcid.org/0000-0001-9818-9507
https://orcid.org/0000-0002-3930-4226
https://orcid.org/0000-0002-6321-5629
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevX.11.011024&domain=pdf&date_stamp=2021-02-05
https://doi.org/10.1103/PhysRevX.11.011024
https://doi.org/10.1103/PhysRevX.11.011024
https://doi.org/10.1103/PhysRevX.11.011024
https://doi.org/10.1103/PhysRevX.11.011024
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

MATTHEW J. COAK et al.

PHYS. REV. X 11, 011024 (2021)

I. INTRODUCTION

The study of low-dimensional magnetism has long been
of great interest in fundamental condensed-matter physics
and has led to numerous applications. Layered magnetic
van der Waals materials—compounds with planes of
magnetic ions separated by wide van der Waals bonded
gaps—provide a wide assortment of ideal systems for
investigating 2D magnetism. A particularly powerful
approach to investigating the physics in low-dimensional
magnetic systems is to tune the interactions and dimen-
sionality of the lattice and to explore how the magnetic and
electronic behaviors of the material evolve. A large volume
of recent work focuses on thickness control, to tune toward
the “true 2D” limit of the atomic monolayer [1-5], with
many interesting results. A complementary, and critical,
approach is to tune the magnetic interactions from 2D
to 3D by applying hydrostatic pressure—in a van der Waals
material, applying pressure predominantly compresses the
weakly bonded interplanar separation and pushes the lattice
toward a 3D character. This approach can be viewed as
moving from the “quasi-2D” starting point in the opposite
direction to a thickness dependence study and addresses
the same fundamental physics questions. Both approaches
are needed for a full understanding of dimensionality

FIG. 1.

in these fascinating systems to be accomplished. The use
of pressure as a tuning parameter unlocks a cleaner and
more controllable approach to map complete phase dia-
grams than methods such as chemical substitution or
uniaxial strains.

The group of van der Waals (vdW) antiferromagnets
TMPS; [6-10], with TM a first-row transition metal, have
been studied for some time as near-ideal 2D magnetic
systems [11-26]. These compounds were first discovered
in the 1890s and rigorously reported on in the 1980s
[27-34]. They all share the same basic crystal structure,
shown in Fig. 1—a C2/m monoclinic cell with a honey-
comb arrangement of metal ions. These magnetic sites are
arranged in slightly distorted hexagons in the ab plane,
separated by wide vdW gaps along the ¢ axis. Intersite
exchange both within the crystal planes and between layers
is mediated through P,S¢ clusters surrounding the metal
honeycombs, and there is significant competition between
several exchange interactions of comparable strengths.
Substituting the TM>* ion across the family leads to a
wide variety of different magnetic order types and anisot-
ropies while keeping the same crystal structure, allowing
clear and clean comparisons of, for example, Heisenberg
versus Ising magnetic Hamiltonians in the 2D limit.

(b)

Crystal and magnetic structures of ambient-pressure FePS;. (a) The monoclinic C2/m crystal structure [27]. (b) The magnetic

cell of FePS; with the ambient-pressure k = (0, 1,1) propagation vector—overall antiferromagnetic order comprised of zigzag

s Lsa

chains along a, antiferromagnetically coupled to their neighbors and between the crystal planes [11]. (c) The magnetic unit cell with
k = (0, 1,0) propagation vector, where planes are instead ferromagnetically aligned.
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In recent years, we have conducted a range of studies
into the structural and transport properties of FePSs, VPS;,
NiPS;, and MnPS; under pressure [35-39]. This work
reveals two structural transitions with increasing pressure
common to all these materials, a shear motion of the
ab planes along the a axis, which brings the £ unit cell
angle to close to 90° while remaining a monoclinic phase
(structure HP-I), and then at higher pressures a collapse of
the interplanar separation and a transition to a trigonal
symmetry group (HP-II) [35]. In FePS;, the HP-I to HP-II
structural transition is accompanied by an insulator-metal
transition, as electron overlap and hopping are greatly
enhanced. This transition is a clear move from 2D toward a
3D character, as well as a change in the symmetry of the
lattice, and can reasonably be expected to have a significant
effect on the magnetism in this material. In the sister
compound FePSe;, continuing to increase pressure follow-
ing the insulator-metal transition leads to the formation of a
superconducting phase [40] from the Mott-insulating 2D
antiferromagnetic ambient state.

FePS; is an Ising antiferromagnet with a Néel temperature
Ty of around 118 K [12]. Figure 1(b) shows the established
ambient-pressure magnetic structure [11,13]. Zigzag
ferromagnetic chains are formed along a. The moments are
parallel to ¢* (c¢* is perpendicular to the crystal planes).
The chains are antiferromagnetically coupled both in plane,
along b, and between the planes, along ¢, giving the resulting
magnetic propagationvectork = (0, 1, %) However, the mere
act of grinding a powder sample appears to introduce enough
dislocations and stacking faults to essentially randomize long-
range order along c¢*, resulting in rodlike features in neutron
magnetic diffraction patterns parallel to the ¢* axis and
centered at the k = (0, 1,0) propagation vector [11,19].
Single-crystal data do not display this behavior but instead
sharp, long-ranged 3D Bragg peaks [11]. A propagation
vector of k = (0,1,0) corresponds to the same in-plane
magnetic structure as the k = (0, 1,1) but with the planes
ferromagnetically coupled, as shown in Fig. 1(c).

In this work, we report the first study of the magnetic
structure under high pressure in the TMPS; materials,
through powder neutron diffraction. The development of
double-toroidal sintered diamond anvils for the Paris-
Edinburgh high-pressure press allows for measurements
to be carried out above 100 kbar—we are able to observe
the evolution of the magnetic structure well into the
metallic HP-II phase of FePS; up to 183 kbar.

II. METHODS

Powder neutron diffraction patterns are collected on
beam line D20 at the Institut Laue-Langevin (ILL),
France [41]. Data are collected during two separate experi-
ments. The first uses a Paris-Edinburgh-type pressure
cell press [42] with cubic boron nitride (cBN) anvils
[43]. The second employs double-toroidal sintered

diamond anvils in the same press [44], to achieve signifi-
cantly higher pressure values [45]. A single-crystal sample
is ground into a fine powder in liquid nitrogen and in an
argon glovebox to mitigate preferred orientation and water
uptake. This powder is packed into the two halves of a
Ti/Zr null scattering spherical gasket [46] and this placed
between the anvils. The powder is wetted with 4:1
deuterated methanol-ethanol mixture to serve as a hydro-
static pressure medium. For the first experiment, a piece of
lead is placed in the center of the sample volume to act as a
pressure gauge via its equation of state [47]. In the later
experiment using sintered diamond anvils, no pressure
gauge is used, as the pressure dependence of the lattice
parameters of the sample are known (at room temperature)
[35], and so the pressure can be determined from the
sample peak positions. The position of the 0 0 1 peak is
used for pressures up to 103 kbar, as this position is highly
sensitive to pressure, and then the 1 3 1 at pressures beyond
this value, as this position then becomes more sensitive in
the high-pressure structure. The pressures measured in the
first experiment are 0, 20, 49, 72, and 80 kbar and in the
second 33, 78, 103, 157, and 183 kbar. Typical uncertainty
on pressure values is a few kilobars. All pressure changes
are made above 300 K, and then the cell is cooled to 80 K
and data are taken at this base temperature and during
warming, under constant load.

The wavelength of neutrons used is 2.42 A, via a
graphite monochromator. Peaks in the neutron diffraction
patterns originating from the anvils used, and the Pb
manometer when present, are seen in addition to the
sample signals. The diamond peaks are easily identified,
as they do not noticeably shift with pressure. With the
diamond anvil measurements, a prominent peak at around
72° of 20 is observed (removed from the presented datasets)
but also a series of peaks at smaller Q. These do not move
and, hence, must be attributed to the diamonds or other
external cell environment and could, in fact, be indexed as
originating from diamond but with a wavelength of 1/3 that
used in the measurement. The peaks are extremely weak
compared to the principal diamond peak, so we conclude
that a small weight of /3 neutrons are able to pass the
graphite filter designed to suppress A1/n wavelengths and
lead to a measurable diamond diffraction pattern. These
peaks are all marked as “diamond” in the presented data
and can, of course, be ignored.

Additional neutron powder diffraction measurements
at pressures up to 49 kbar are performed from 15 to
290 K on the DN-12 diffractometer, IBR-2 pulsed reactor,
Joint Institute for Nuclear Research (JINR), Russia [48].
A powder sample of volume approximately 2 mm? is
loaded into a sapphire anvil high-pressure cell with culets
of 4 mm diameter [49]. Spherical cavities with a diameter
of 2 mm are drilled at the culet centers to encourage
quasihydrostatic pressure distribution at the sample surface.
No pressure-transmitting medium is used. The diffraction

011024-3



MATTHEW J. COAK et al.

PHYS. REV. X 11, 011024 (2021)

patterns are collected at scattering angles of 90° and 45°
with resolution Ad/d = 0.015 and 0.022, respectively.
The pressure is measured using the ruby fluorescence
technique [50]. Pressure gradients are less than 10% with
respect to average pressure values. The diffraction patterns
are analyzed by the Rietveld method using the Fullprof
software suite [51].

The dc magnetization data are measured in an Magnetic
Properties Measurement System superconducting quantum
interference device magnetometer, Quantum Design, in an
applied field of 0.1 T. The pressure cell used is a piston-
cylinder clamp cell from Camcool Research Limited, with a
Daphne oil pressure medium and a lead manometer.
Measurements are carried out to the maximum achievable
pressure of cells of this type—around 10 kbar. Higher
pressures require a diamond anvil cell, where the tiny
sample volume precludes resolving the small signal of an
antiferromagnet like FePS;.

Reverse Monte Carlo fits are conducted in the Spinvert
program [52,53] to model short-range order in the highest-
pressure data. A supercell of 10 x 10 x 10 unit cells is
used, and the previously solved HP-II crystal structure,
with lattice parameters refined from the neutron data
collected at this pressure.

III. RESULTS

The initial effect of pressure on the antiferromagnetic
order in FePSj is to raise the value of T, as shown in

Fig. 2. The inset shows magnetization curves measured
under pressure around the antiferromagnetic transition—
these are clearly and continuously shifted upward in
temperature as pressure is increased. 7, is extracted
from differentiating these curves and, additionally, from
integrated magnetic peak intensities of the neutron dif-
fraction patterns—these values are used to build the
temperature-pressure phase diagram shown in the main
figure. The value of Ty increases linearly with pressure,
initially at a rate of 0.77 K - kbar~!. Pressure pushes the
crystal planes together and, hence, allows larger interlayer
exchange, so it is consistent to see a strengthening of the
magnetic order and it stabilizing at higher temperatures.
At approximately 20 kbar, there appears to be a change of
slope, and thereafter the rate is reduced to 0.32 K - kbar~!.
This pressure corresponds to the value at which (at room
temperature) the ambient-pressure structure begins to
(gradually) cross over to the HP-I structure [35]. A
stiffening of the rate of change as the crystal enters the
HP-I phase, which has stronger interplanar coordination,
is again consistent and is reminiscent of the stiffening of
vibrational modes seen in V gPS5 [37]. At higher pressures
above 100 kbar, as discussed in the later sections, the
magnetic order takes on completely different forms, and the
linear trend is no longer a valid description.

The ambient-pressure neutron powder diffraction pat-
terns, obtained within the cBN single toroidal cell, are
shown in Fig. 3 for temperatures of 300 and 80 K (the
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FIG. 2. Pressure-temperature phase diagram for FePS; constructed from data found in this work and the structural results from
Ref. [35]. Data points display extracted temperatures of magnetic transitions plotted against pressure. Blue circles show values extracted
from magnetization measurements, and red crosses and squares from integrating the magnetic peaks and features in the neutron powder
patterns from the ILL and JINR data, respectively. Dashed lines delineating the AFM state are fits to the data points; gradients are stated
in the text. Vertical lines on the phase diagram designate the pressures at which structural transitions occur. The inset shows normalized
magnetization data plotted against temperature for increasing pressures.
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20

Powder neutron diffraction patterns of FePS; at ambient pressure at 80 and 300 K taken on D20, ILL. Nuclear and magnetic

Bragg peaks are marked (magnetic in green) as indexed in the monoclinic low-pressure phase. The magnetic propagation vector at
ambient pressure is k = (0, 1,3), but strain and stacking faults in the crystal due to grinding lead to 2D rodlike ordering with vector
k = (0, 1,0), as described in Refs. [11,13,19]. This ordering causes the broad and asymmetric peak visible at small Q in the 80 K data.
An additional magnetic feature at higher O can be indexed as the 1 2 0 and/or the 1 2 % . The broad diffuse background of the methanol-
ethanol pressure medium is subtracted from all plots shown. The inset shows the result of subtracting the 300 K data from the 80 K

plotted against Q to reveal the solely magnetic signal.

lowest temperature measured). The patterns are normal-
ized, and a diffuse background due predominantly to the
methanol-ethanol pressure medium is subtracted from each
dataset by fitting a cubic spline function to the data between
peaks and features. Below Ty, the magnetic peaks and
features indexed and labeled in green in the figure are
seen to appear. These match the form reported in previous
work [11,19]. A broad asymmetric feature, indicative of
order of a 2D nature, spanning 0 1 0to 0 1 % is the principal
magnetic feature. An additional peak at higher Q can be
indexed either as the 1 2 0, corresponding to a combination
of the magnetic 0 1 O Bragg peak with the nuclear 1 1 0
Bragg peak, or as the 1 21, a combination of the magnetic 0
1 % and nuclear 1 1 1 peaks—these have extremely similar d
spacings.

When pressure is applied, the magnetic structure shows
a clear change, as illustrated in the 78 kbar example
shown in Fig. 4. At this pressure, FePS; is in its HP-I
structural phase, where the crystal planes are sheared along
the a axis and g is close to 90°. A single sharp magnetic
Bragg peak is observed at 0 1 0, replacing the rodlike
scattering observed at ambient pressure. A move to a
clear long-range magnetic order is consistent with the
expected driving toward a 3D nature of the crystal. A
k = (0, 1,0) magnetic propagation vector means that, as
shown in Fig. 1, the magnetic unit cell is now halved in
volume, and the crystal planes are coupled

ferromagnetically rather than antiferromagnetically. With
the shear motion in the ambient—HP-I structural transition,
it is reasonable to expect changes to the interlayer exchange
pathways, consistent with this result. Only a minor change
in exchange pathways is required to make this change, as
the interlayer exchange under ambient pressure is very
small (and negative) [11] so could easily be driven to be
small and positive. This result is additionally consistent
with the appearance of the rodlike features centered at 0 1 0
in the ambient-pressure patterns upon grinding—if the
interlayer exchange is sensitive to shear along the a axis
and can easily be flipped in sign, grinding the sample drives
it to adopt a k = (0,1,0) propagation vector. Previous
studies at ambient pressure [11,19] suggest that grinding
the sample introduces disorder between the planes that
affect the long-ranged order along c¢*, making the magnet-
ism more two-dimensional. Our results show that the
pressure or strain effects of the grinding may also change
the sign of the interplanar magnetic correlations for parts
of the sample. The interplay of strain, structure, and
magnetic order shown here is potentially of great signifi-
cance in the rapidly growing field of heterostructure and
device physics employing these materials, where strains are
either an inescapable issue or a powerful engineering
opportunity.

Data taken in sapphire anvil cells at JINR, Russia, show
more detail of the described low-pressure evolution of the
magnetic structure (Fig. 5). In these data, the ambient-
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FIG. 4. Powder neutron diffraction patterns of FePS; at 78 kbar, at 80 and 300 K taken on D20, ILL. Nuclear and magnetic Bragg
peaks are marked as indexed in the monoclinic HP-I phase, and peaks due to the diamond anvils are marked in orange. The magnetic

propagation vector is k =
[k =(0,1,0) +(110)]and 2 1 0 [k = (0,1,0) +

(0,1,0) and is characterized by a sharp symmetric Bragg peak. Additional magnetic peaks are seen at 1 2 0
(200)] from the combination of magnetic and nuclear scattering. The inset shows

the result of subtracting the 300 K data from the 80 K plotted against Q.

'¢061

A\
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Y 0 kbar J
|

10 kbar

200 K
0 kbar
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Intensity (arb. units)

0.8 1

FIG. 5. Neutron diffraction patterns of FePS;, measured at
selected pressures up to 49 kbar at room temperature and 15 K.
These data are taken in sapphire anvil cells at JINR, Russia.
Crosses show the experimental data and black solid lines the
results of refinements of the data by the Rietveld method. In
the ambient-pressure data shown at the top, the magnetic
propagation vector is much more clearly k = (0, I, %) This result
is rapidly suppressed in favor of k = (0, 1, 0), with an additional
shoulder to the right of this peak suggestive of remnants of
2D-like ordering. Between 10 and 37 kbar, the 0 0 1 nuclear
Bragg peak clearly shifts due to the ambient-HP-I structural
transition.

pressure magnetic order is more clearly characterized
by the k = (0, 1,1) propagation vector than in the data
shown in Fig. 3, with an almost symmetric 3D-like Bragg
peak at this position. This result can be explained by less
grinding and shear strain during preparation of the sample
than in the data taken at ILL. Reitveld refinements of these
data yield a magnetic moment at ambient pressure of
5.40(5) ug per Fe, in line with previously published results
[13]. Between the 10 and 37 kbar datasets shown, the
ambient to HP-I structural transition occurs, shifting the
position of the 0 0 1 nuclear peak. Before this transition
occurs, by 10 kbar, the magnetic Bragg peak at 0 1 1 has
been suppressed in favor of a growing peak at the 0 1 0
position, which reaches its full strength by 37 kbar. This
result is consistent with the ILL data. Clearly visible in
these data, however, is a shoulder or broad bump to the
right of the 0 1 0 peak. We interpret this bump as an
asymmetric peak shape of the 0 1 0 due to 2D-like magnetic
ordering, as previously discussed in the context of the
ambient-pressure data in Fig. 3. This result suggests the
crystal, while gaining stronger interplanar interactions
and moving toward three-dimensionality, still maintains
a quasi-2D character at these pressures.

At the highest pressures, within the HP-II trigonal
structural phase and following metallization, we observe
another change in the magnetic ordering of FePS;. Figure 6
shows the neutron diffraction patterns at room temperature
and at 80 K for 183 kbar, the highest pressure measured.
At this point, the data show a broad hump or feature at low
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FIG. 6. Powder neutron diffraction patterns of FePS; at 183 kbar at 80 and 300 K taken on D20, ILL. Peaks originating from the
sintered diamond anvils are marked in orange. Nuclear Bragg peaks are marked as indexed in the trigonal HP-II phase. Broad
temperature-dependent features indicative of short-range magnetic order are labeled in green. In dark orange are marked the positions of
the magnetic order peaks which are described by k = (0, 1,0) and k = (0, I, %) in the monoclinic symmetry of the HP-I phase for ease
of comparison to earlier figures. These same magnetic structures, of course, have different indexing in the trigonal symmetry, but the d
spacings remain as shown. The inset shows the result of subtracting the 300 K data from the 80 K plotted against Q—the SRO feature
grows as temperature is decreased. The blue solid line through these data shows the RMC fit to this feature with spins constrained to be
collinear (the fit used for the analysis) described in the text. Red and orange dashed lines show fits with unconstrained moment
orientations, over two different Q ranges, to show the robustness of the fit.

Q typical of some kind of short-range magnetic order. This
feature is reduced in magnitude upon increasing temper-
ature but is not suppressed completely upon reaching room
temperature. The Q and temperature dependence of this
feature, along with the lack of any similar observations in
x-ray diffraction studies, strongly suggest that it must be
magnetic in origin—and, hence, local magnetic moments
must be nonzero. Extrapolating the data taken while slowly
warming suggests extinction of this feature at 360 K,
though, due to the long count times required to gain reliable
statistics at this point, there is a high degree of uncertainty
on this prediction. Certainly, whatever magnetic ordering
this feature represents persists above room temperature.
Additional peaks or features are also potentially seen at
around 34.5° and 39° but without sufficient quality of
statistics in the data to be certain as to a temperature
dependence. These cannot be indexed with any reasonable
magnetic vector in the HP-II unit cell—but neither can the
large hump feature at low Q.

In order to characterize the broad short-range order
(SRO) feature seen at the highest pressures, we carry out
reverse Monte Carlo (RMC) refinements of spin configu-
rations and fit the results to the data. In RMC refinement,
a box (configuration) of spin vectors is generated. The
spin orientations are initially random and are iteratively
rotated—after each iteration, the expected scattering is

calculated and compared with the experimental data, with
the new configuration being accepted or rejected based on
the quality of the comparison. Once the quality factor is
hence optimized, the spin-spin correlation functions are
calculated as an average over all spin pairs in the configu-
ration. Repeating the refinement multiple times from
differing initial seeds generates independent spin configu-
rations and provides access to statistical uncertainties on
spin correlation functions. Since the refinement is a
stochastic process initialized from random spin arrange-
ments, the final spin arrangements are the most disordered,
consistent with the experimental data and other constraints
imposed, namely, the assumed crystal structure and the
requirement that every spin has equal magnitude [52,53].

The calculations are carried out in the Spinvert program
[52,53]. The data used are the result of subtracting the room
temperature data at 183 kbar from the 80 K data. The fits
are restricted to the Q region 0.56—-1.50 Ao capture only
the SRO feature and avoid the Bragg peaks and the artifacts
of the pressure cell background. We verify the robustness of
the fits by repeating them with multiple Q ranges, and using
both raw and temperature-subtracted data, and find no
significant qualitative changes to the results. The temper-
ature-subtracted data and several fits are shown in the inset
in Fig. 6—good agreement is found over this range of Q,
and the fits are robust to different conditions and ranges.
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The dashed orange and red lines in this inset show fits
where the moment orientations are unconstrained. A
slightly better fit is, however, found when the moments
are constrained to lie along the ¢ axis, mimicking the Ising
nature of the ambient-pressure magnetic order: suggesting
that the collinear spin constraint improves the convergence
of the refinements. This fit is shown as the solid blue line in
the Fig. 6 inset and is the one used for subsequent analysis
and discussion. This choice of fit is not seen to qualitatively
impact the resulting correlation values—the fits appear
to be rather robust to the chosen conditions. From this
RMC fit, the spin correlation function could be extracted,
(S(0) - S(r)), which quantifies the extent of ordering
between a magnetic site and each of its neighbors.
These values are normalized such that perfect ferromag-
netic correlations would give a value of 1 and perfect
antiferromagnetic —1. A value of 0 implies no net corre-
lation between the two sites, i.e., a complete lack of
order over that length scale. Figure 7 shows the extracted
(S(0) - S(r)) to a distance of 14 A. The correlations decay
quickly toward zero over this length scale, reflecting their
short range. Fitting the values for [(S(0) - S(r))| with an
exponentially decaying function gives characteristic corre-
lation lengths of the order of 3 A for both inter- and
intraplanar directions, which is similar to the distance
between nearest neighbors. These two lengths being
comparable is consistent with the system having become
more three-dimensional in the HP-II phase—in a 2D
system, one would expect much shorter correlation lengths
along the interplanar direction. As the figure shows, the spin
correlations found are predominantly antiferromagnetic,
except for ferromagnetic nearest-neighbor interactions.
This result appears remarkably similar to the ambient-
pressure k = (0, 1,%) order—interplanar correlations are
notably antiferromagnetic—but a short-ranged and disor-
dered version of that ferromagnetic-chain arrangement. The
simulated correlation values for such ideal long-range zigzag
order with antiferromagnetic interplanar correlations are
shown in the lower plot in Fig. 7, overlaid on the same
data as the upper panel for comparison. Note that this

magnetic order would be indexed as k = (0, 1,1) in the

monoclinic structural phases but is indexed as k = (0, % , %)

in the trigonal HP-II structure found at this pressure. This
result means that the interplanar order and correlations have
gone from antiferromagnetic in the ambient state, to ferro-
magnetic in the HP-I phase, and then back to antiferromag-
netic in the HP-II crystal structure. As exchange is weak
between the crystal planes, even small changes in the
crystalline environment can flip the sign of the interplanar
exchange integrals in this system.

Normalizing the data using the nuclear Bragg profile for
this fitting process additionally yields a resulting effective
magnetic moment of 7.0 up per Fe ion, close to the ambient
value of 5.7 up [54] within the sizable errors unavoidable
in using this technique on high-pressure data. The
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FIG. 7. Normalized spin-spin correlation function (S(0) - S(r))
values for increasing interatomic distances from nearest-neighbor
upward for FePS5 at 183 kbar (upper plot). Perfect ferromagnetic
correlations would give a value of +1 and perfect antiferromag-
netic —1. The values shown are extracted from the reverse
Monte Carlo fits to the difference plot shown in the inset in
Fig. 6. Nearest-neighbor correlations are seen to be ferromag-
netic, and others predominantly antiferromagnetic, similar to
those in ambient-pressure FePS;. The simulated correlation
values for such ideal long-range zigzag order with antiferromag-
netic interplanar correlations are shown overlaid on the same data
in the lower plot for comparison.

systematic uncertainties are difficult to quantity exactly,
as they are contributed to by imperfect background sub-
traction and absorption effects; the total moment in the
SRO phase is, therefore, considered as an approximate
estimate. Additionally, as the SRO is still present at 300 K,
the temperature subtraction underestimates the magnitude
of the feature—the true extracted moment we estimate to be
even larger. We also note that, although the RMC refine-
ments are consistent with the existence of a unique collinear
spin axis at high pressure, there is not a significant enough
difference in the fit qualities to rule out the moments
becoming isotropically oriented instead. This point war-
rants future investigation, as, if the moment orientations are
found to not be constrained, the strong magnetic anisotropy
that is present in FePS; under ambient conditions is then
absent at high pressures.
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The remarkable observation of persisting magnetism
well into the metallic HP-II phase, with the Fe moment
having a similar magnitude to that at ambient pressure, is in
disagreement with the x-ray emission spectroscopy results
of Wang et al. [40], who report a spin crossover to an S = 0
state at metallization. The temperature and wave vector
dependence of the broad peak we observe in the high-
pressure neutron data, its absence in x-ray powder
diffraction data, and the fit results provide strong evi-
dence against any origin other than magnetism for this
feature—we do not observe a collapse of the Fe spin
configuration, in apparent contradiction with Wang et al.’s
findings, as well as some theoretical predictions, such as
those of Zheng et al. [55]. However, as outlined in
Refs. [56,57], the x-ray spectra of the Kp Fel!l peak
are dependent not only on the ionic spin state, but also
heavily on the local environment, geometry, and sur-
rounding bonds—including changes from insulating to
metallic band structures. Further limits to the extraction
of local moment from peak splitting as in this case are
discussed in Ref. [58]—specifically, it is valid only when
the charge-transfer satellite is negligible. As the HP-I
to HP-II transition entails not only an insulator-metal
transition but also a significant shift in the crystal
structure, local environment, and dimensionality for the
Fe ions, the change in the x-ray spectra seen by Wang
et al. can potentially be explained by these effects rather
than a loss of spin and atomic magnetic moment—
consistent with our observation of magnetism in the
high-pressure phase.

We additionally note that an unchanged local moment on
the Fe site implies no valence or electron sharing changes
on the Fe ions and precludes any mixtures of high and low
spin domains or fractional occupancy. It then seems likely
that another ionic site is responsible for the metallic
conduction—almost certainly the P sites. Phosphorus-
phosphorus distances between the planes become signifi-
cantly, abruptly, shorter in the HP-I to HP-II transition [35]
to the point of reaching the typical length of a P—P bond.
Formations of such bonds and, hence, valence changes
and carrier donation from the P rather than the Fe sites
would seem a plausible explanation for a transition from
insulating to metallic behavior while maintaining Fe local
moments. This explanation is in agreement with the
findings in the recent theoretical treatment of the insula-
tor-metal transition by Evarestov and Kuzmin [59], which
conclude that indeed phosphorus atoms are the main
contributors to the conduction.

In summary, Fig. 8 displays the evolution of the principal
magnetic features with pressure. Figure 8(a) plots against d
spacing the diffraction patterns in the vicinity of the
magnetic peaks, normalized and with their vertical axis
offset set to their corresponding pressure values. Two
changes are clear—at first, the broad, asymmetric 2D-like

1
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FIG. 8. (a) Magnetic peaks and features at 80 K for pressure
points taken in sintered diamond cell on D20, ILL. The data are
normalized and their vertical intercept set to their corresponding
pressure values. The pressure-dependent d spacings of the 0 1 0
and 0 1 % magnetic peak positions, extrapolated from the lattice
parameters previously found for each pressure and indexed in the
monoclinic space group, are shown as dashed and dotted lines,
respectively. (b) Heat map of magnetic peaks at 80 K for sintered
diamond pressures—color represents normalized intensity. At
ambient pressure, the magnetic order is characterized by an
asymmetric feature of both 0 1 0 and 0 1 % contributions. This
feature then sharpens into a sharp 0 1 0 peak only by 20 kbar. The
HP-I to HP-II structural transition can be seen around 150 kbar,
which alters the magnetic state into a broad feature at higher Q
which persists above room temperature.

sharper, 3D-like Bragg peak at the 0 1 O position. At higher
pressures, this peak is suppressed, and a broad feature
emerges at a lower d spacing. The heat map shown in
Fig. 8(b) clearly shows these two changes in behavior. The
broad short-range-order feature at high Q which emerges
above around 130 kbar is seen to coexist for a time with the
0 1 0 peak, one growing as the other is suppressed. This
feature could, however, be due to pressure gradients and
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inhomogeneities within the sample region—a fraction of
the sample may remain at an effective pressure below a
transition the bulk has passed through. As the HP-I to HP-II
structural transition is of strongly first-order character, if
this change in magnetic order accompanies this transition,
one would expect it to be correspondingly abrupt.

IV. DISCUSSION

We measure the evolution of magnetic structure in Mott-
insulating 2D honeycomb antiferromagnet FePS; up to
183 kbar using neutron powder diffraction and construct
the full pressure-temperature magnetic phase diagram,
which corresponds well with previous structural studies.
These results form the first example of dimensional tuning
of magnetism in the crucial TMPS; systems; they are likely
to be common or interesting to compare for the rest of the
family and to lead to better understanding of the novel
insulator-metal transitions and states in these compounds.
Knowledge of the precise structure and the magnetic order
is additionally essential for informing theoretical and
computational studies of such materials. Beyond even this
rich family of compounds, this work forms a fundamental
study of the evolution of low-dimensional magnetism and
the formation of exotic short-range-ordered spin states in a
near-ideal model system.

Two changes in behavior are observed. Initially, the
ambient-pressure magnetic order (antiferromagnetic inter-
planar coupling with strong 2D character) is switched to a
ferromagnetic interplanar ordering, with fully 3D-like
sharp Bragg peaks. The in-plane structure of ferromagnetic
chains, antiferromagnetically coupled, is seemingly pre-
served—Ileading to overall antiferromagnetic order. The
Néel temperature is found through high-pressure dc mag-
netometry as well as neutron diffraction to increase roughly
linearly with pressure, by 36 K over 100 kbar, with a
change in slope at the first structural transition. These
observations are consistent with the increased interplanar
exchange expected as the crystal planes are forced closer
together and the structure pushed into the HP-I phase.

The second change to the magnetism is a gradual
suppression of this k = (0, 1,0) order accompanied by
an emergence of magnetic short-range order, with a
transition or cutoff temperature seemingly above 300 K.
This change is indicated by a broad, roughly symmetric
feature appearing at low (@ with strong temperature
dependence. Reverse Monte Carlo fitting suggests this
phase to be a short-ranged version of the original ambi-
ent-pressure structure—with a return to antiferromagnetic
interplanar correlations. This short-range order in the HP-II
structure indicates frustration of the magnetism. This
frustration results from competition in magnetic exchange
and from the details of anisotropy on magnetic sites.

The crossover to this short-range order state coincides
with the previously observed HP-I to HP-II first-order
structural transition and the corresponding insulator-metal

transition in this material. The persistence of magnetism
well into the HP-II metallic state is an observation in
apparent contradiction with previous x-ray spectroscopy
results which suggest a spin crossover. We explain this
discrepancy by suggesting the change in x-ray emission
spectra to be due to the dramatic changes to the local
environment of the Fe ion through the HP-I to HP-II
transition and metallization rather than a loss of spin state.
Additionally, a transition to metallic behavior implies a
change in character of any magnetism to a more itinerant
nature—it is not trivial to connect the observed change to
SRO to this expectation. More microscopic details of this
SRO state and its impact on properties such as electrical
transport await future investigation—it is, in fact, possible
that the high-pressure superconducting state in sister
material FePSe; [40] borders a similar magnetic phase.

FePSe; is directly comparable to FePS; but with a lower
electronic band gap and lower structural transition and
metallization pressures—one would naively imagine due
to the larger spatial influence of the Se sites allowing
easier interplanar hopping. FePSe; undergoes an equivalent
insulator-metal transition to FePS; at 70 kbar and then
enters a superconducting phase from 90 kbar as pressure is
further increased. It is reasonable to expect an equivalent
state in FePS; but also to expect this state to occur at higher
pressures, or lower temperatures, than those yet measured.
Conversely, the results we report on FePS; are most likely
to reflect on the understanding of FePSe;—particularly, the
spin crossover reported in both compounds at metallization
we show not to be a valid interpretation of the results in the
case of FePS;. Investigation of the magnetic and electronic
properties of these materials as any superconductivity is
approached is vital to understanding the characteristics of
this state.

V. CONCLUSIONS

We have succeeded in mapping out the pressure-
temperature magnetic phase diagram of van der Waals
honeycomb antiferromagnet FePS;: the first such study in
the highly scrutinized TMPX; materials. We find an initial
flip and continuous strengthening in the interplanar
exchange, which we discuss in terms of the previously
observed shear structural transition in these materials at
low pressures and a tuning from 2D to 3D character.
The susceptibility of the material to this change in the
magnetism—mechanical grinding of the powder is seem-
ingly enough to instigate it to some degree—is crucial
information for designers of few-layer devices and hetero-
structures seeking to incorporate the magnetic properties of
TMPX5, where strains and shear stresses are unavoidable.
At higher pressures, where the material undergoes a
collapse of the van der Waals gap and metallization, we
observe a loss of long-range magnetic order and the
emergence of a short-range-ordered magnetic state in its
place, which survives to much higher temperatures. This
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result is counter to the previously suggested collapse of the
magnetic moment and hugely important information to aid
in understanding both the nature of the exotic metallic state
found in this region of the phase diagram and potentially
the formation of unconventional superconductivity at
higher pressures. Classes of materials which demonstrate
unconventional and high-temperature superconductivity
such as the cuprates and pnictides have long attracted a
great deal of interest and remain to be fully understood.
Superconductivity as it exists in the simpler TMPS; and
TMPSe; systems provides a valuable alternative mecha-
nism to be explored, compared, and contrasted to these, to
continue to develop our understanding of such emergent
phenomena as a whole. An understanding of how magnetic
order and the presence or absence of any valence transitions
reinforces or competes with the formation of supercon-
ductivity in these compounds is a crucial piece of this
puzzle.

Data presented in this paper resulting from the United
Kingdom effort will be made available [60].
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