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We present an overview of our recent work in tuning and controlling the structural, magnetic and
electronic dimensionality of 2D van-der-Waals antiferromagnetic compounds/(Transition-Metal)PSs.
Low-dimensional magnetic systems such as these provide rich opportunities for studying new physics
and the evolution of established behaviours with changing dimensionality. These materials can be
exfoliated to monolayer thickness and easily stacked and combined into functional heterostructures.
Alternatively, the application of hydrostatic pressure can be used tocontrollably close the van-der-
Waals interplanar gap and tune the crystal structure and electron exchange paths towards a 3D
nature. We collect and discuss trends and contrasts in our data from electrical transport, Raman
scattering and synchrotron x-ray measurements, as well ashinsight from theoretical calculations and
other results from the literature. We discuss structural tramsitions with pressure common to all
materials measured, and link these to Mott insulator-transitions in these compounds at high pres-
sures. Key new results include magnetotransport and resistivity’data in the high-pressure metallic
states, which show potentially interesting qualities for a new direction of future work focussed on

low temperature transport and quantum critical, physics.

Dimensionality is crucial in determining or_control-
ling the magnetic, electronic and structural properties
of condensed matter systems. The case of 2D and of
graphene is of course a very topical example. The pair-
ing mechanisms of unconventional superconductors such
as high-temperature superconductors and FeSe are often
seen to be strengthened in 2D. Additionally, new./mag-
netic phases and structures can be found in thin films
or layers of otherwise simplistic materials. Crystals with
layered structures of atomic planes separated by van-der-
Waals gaps form an ideal case for studying'a wide range
of phenomena in the 2D limit [1-5], and how phases and
interactions evolve as we then tune.that system towards
3D or conversely reduce the thickness to single atomic
layers.

A very mature and established line of research into van-
der-Waals (vdW) physics has forisome time focussed on
the transition-metal-dichalcogenides (TMDs) [6]. New
options and classes ‘of ymaterials are however essential
for both the designers of a new generation of 2D func-
tional devices'and fundamental physics researchers. The
T MPS3 family of compounds, with 7'M a first-row tran-
sition metal, has in contrast until recently received lit-
tle scrutiny, despite being originally discovered in the
1890’s and carefully characterised in the 1980’s [7-14].
These_materials bring both magnetism and correlated
electron physics to the playground of vdW materials -
reviéws can be found at Refs [15-19]. They are all share

the same basic crystal structure, shown in Fig 1 - a
C2/m monoclinic cell with a honeycomb arrangement of
metal ions. These metal ions, the magnetic sites, form
very close to ideal hexagons in the ab plane, separated
by wide vdW gaps with weak bonds and interactions
along the perpendicular ¢* axis. Covalent P5Sg clusters
surround the honeycombs, and mediate both the inter-
planar interactions and in-plane superexchange. There
has been significant study into the magnetism and mag-
netic structures of this family [20-35], as these materi-
als form a rich playground for investigating fundamen-
tal low-dimensional magnetism. Altering the choice of
metal ion can give rise to Ising-type, XY or Heisenberg
antiferromagnetic magnetic order, different spin states,
including non-magnetic references like ZnPSs, and sub-
tly differing exchange interaction strengths. These lead
to a wide selection of magnetic structures and interac-
tions, some of which are displayed in Fig 1. Intermediate
compounds can also be grown through the same simple
chemical vapour transport method as the parent com-
pounds - CulnPsS; is ferroelectric [36-39] and MnFeP2Sg
exhibits spin-glass behaviour due to the competing Ising
and Heisenberg nature of the Fe and Mn magnetic sites
[40, 41]. These mixed compounds promise a further rich
future research direction beyond tuning and studying the
‘pure’ compounds discussed in this work.

The transport properties of T'MPS3 materials also ex-
hibit fascinating correlated electron physics. Many of
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FIG. 1. Crystal and magnetic struetures of FePSs, MnPS3; and NiPSs. Fe atoms are pictured in brown, Ni in grey, Mn in dark
purple, P in lilac and S in yellow. P and S atoms are omitted from the magnetic structure diagrams. a) Crystal structure of
ambient pressure FePSs [13].4b) Magnetic structure of FePS3 - Ising spins directed along cx forming chains along a with AFM
coupling between them in- and out-of-plane, propagation vector [0 11/2] [34]. c¢) Magnetic structure of MnPSs - Heisenberg
spins canted 8° from ¢* forming AFM chains, propagation vector [00 0] [28, 42]. d) Magnetic structure of NiPSs (and CoPSs)-
Ising spins directed long a forming chains along a with AFM coupling between them in-plane, FM out-of-plane, propagation

vector [01 0] [33].

these materials"are Mott or Charge-Transfer insulators,
with a wide range of electronic band gaps exhibited, from
0.25 eV in V,PSs.[13] to 3.5 €V in ZnPSs [19, 43, 44].
The characteristics and influence of the sulphur bonds
and chemistry, in contrast to the well-trodden ground of
oxide physies;-is'an additional avenue of interest in these
materials. A 2D antiferromagnetic Mott insulator state,
as found inpthese compounds, has great appeal for the
study of fundamental correlated electron physics, par-

ticularly the behaviour as such a state is suppressed or
tuned towards a phase transition - many high-T. super-
conductors emerge from just such a state for example.
Indeed, the selenium analogue FePSes has recently been
found to become superconducting at high pressures [45].

As showcased in Fig 2, a major advantage of the
T MPS3 materials is that they can be easily and cleanly
exfoliated into controllably thin layers by use of the now-
famous ’Scotch tape’ method [46]- and they remain air-
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FIG. 2. Examples of TMPS3 exfoliated flakes and device
Si/SiO; substrates. a) An exfoliated flake S§NiPS3, exhibiti
image and line profile (along dotted white
layer is due to the gap between sample and g
from an FePSs / FesGeTe, heterostructure
contact electrodes to allow capacitance mea:

and moisture-stable. This a&ow
pendence studies of the mag
tical properties and transpo
ers. Recent work [47] was
the prediction of Onsage
der can remain stable ¢
Raman spectra of Fi
and temperature.

ickness de-
onal and op-
t@ single monolay-
rly demonstrate
[Sing-type magnetic or-
imit by studying the
ing sample thickness
er studiesh4s, 49] were able to
show the suppressi f XXZ-type/order in NiPSs3 in the
monolayer limi Wi e loss of order in Heisenberg
MnPS; in single layers - but interestingly the order sur-
vives down to'bi hickness. As well as magnetism,
y such as CulnPyS¢ display order
tion - there is potential to cleanly in-
tricity, the often-neglected analogue of

aile

WILE

Height (nm)

10
Disiance (i

bled by mechanical exfoliation and dry transfer techniques on
a selection of thicknesses and hence colours. b) AFM topography
rom the boxed region in (a). The 1.3 nm observed height of a single 0.5 nm
- verified by observing a bilayer at 1.8 nm. c¢) Hall bar device assembled
ene - CulnP32S¢ - graphene heterostructure, with graphene acting as
of very thin samples of this ferroelectric material.

erostructures [5, 50| combining or placing in competition
the properties of the constituent layers and preserving
clean interfaces between them.

While exfoliation varies the dimensionality of the sys-
tem between quasi-2D and true-2D, applying hydrostatic
pressure has an effect we can view as essentially oppo-
site - the system will be tuned towards three dimension-
ality. As the vdW forces between planes are so much
weaker than intra-planar interactions, the effect of hydro-
static pressure will overwhelmingly be to push the crystal
planes together (and a dramatic effect from even small
pressures can be expected), until eventually the vdW gap
is closed and bonds form between the planes. As pressure
can be continuously and controllably varied, it forms a
finer and cleaner tuning parameter than chemical doping
or thickness control. In the following sections we out-
line and discuss our recent results from measurements of
structure, optical properties and electrical transport in
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FIG. 3. Ambient-pressure and the two high-pressure structural phases of FePSs, based on structural data from Ref [51]. The

three structures are drawn to the same scale for comparison.
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FIG. 4. a) Interplanar ¢* d-spacing,of, TMPSs (TM = V,
Fe, Mn, Ni) plotted lagainst pressure at room temperature,
from Refs [51-53|. This,corresponds to the interplanar dis-
tance, independént of the symmetry or unit cell model used.
A sharp collapse seen in all but the V compound (so far)
corresponds to ‘the HP-I to HP-II structural transition. b)
Transitionspressures of these compounds at room tempera-
ture plotted against their ambient pressure band gaps. In
Vo.9PS3 alone does the insulator-metal transition not corre-
spond to the HP-I to HP-II volume collapse. This transition
has not yet been observed in this vanadium compound - data
were takenup’to 180 kbar.

diamond anvil pressure cells;@s described in Refs [51—
54].

We measured the'dependence of the crystal structure
upon pressure’ i, FePSgy” Vo oPS3, MnPS; and NiPS3
within diamond anwvil.¢ells with helium pressure media
and at roem temperature in a series of powder diffrac-
tion experiments at the Diamond Light Source. The sig-
nificant, preferred orientation present in powders of these
layered materials makes extracting a crystal structure so-
lution fromma powder pattern challenging - for example
the (00.1), diffraction peak is not seen in some previous
experiments [45, 55|, despite being the most dominant
peakyin a theoretical perfectly randomly oriented pow-
der. Without an accurate determination of the position
of the (001) peak it is all but impossible to formulate
a reliable structural model. Through careful preparation
of the sample powder and rocking of the sample during
data collection, our measurements were able to clearly
resolve this peak, though it remains weak [51, 52]. The
position of the (001), and hence the magnitude of ¢*,
directly tells us the inter-planar spacing, the most cru-
cial parameter in the dimensionality tuning. Information
on the correct crystal structures and their evolution is
critical to inform any ab-initio theoretical calculations to
explore the physics in these systems further.

In all the compounds measured to date, a pair of sub-
sequent structural transitions (Fig 3) are seen to occur
as pressure is increased, seemingly common to the whole
isostructural family. Taking the shown example of FePS3,
the first transition from the ambient structure [13] to
what we denote the HP-I phase corresponds to a shear
of the crystal planes along the a axis. This preserves
the same monoclinic space group but brings the 5 angle
very close to 90 degrees and so metal ions, and the ex-
change ligands, now sit directly above their neighbours
in the adjacent plane. This can be expected to have an
impact on the magnetic inter-planer order as well as elec-
tron hopping. This transition does not include a volume
change of the unit cell and is seen to evolve over a sur-
prisingly wide pressure range, with a phase coexistence
of the ambient and HP-I phases over the regions shown
by error bars in Fig 4.b. As shown in this figure, there
appears to be no correlation between the electronic band
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FIG. 5. Insulator-metal transitions in a) FePS; and b) V.9PS3 [52]. Both show Konde-like upturns at low temperature. In the
V compound, the resistivity appears linear in T', except for the upturn, but such a relation does not appear to hold for FePSs.

gap, insulator-metal transition pressure or second tran-
sition pressure and this first transition’s pressure value.
However, as outlined in Brec’s review [16], both the P-P
bond lengths and cation ionic radius increase in the se-
quence Ni-V-Fe-Mn in the TMPS3 compounds, just as
the ambient-HP-I transition pressure, hinting that these
properties may be responsible for determining the tran-
sition pressure. The case of CdPS3 is additionally/an
interesting one - Lifshitz et al. [56] and then Boucher et
al. [57] previously reported a seemingly equivalent tran-
sition to a 90 degree (3, reportedly trigonal, space group
upon lowering temperature below 228 K, with a similar
phase mixing behaviour - an interesting future direction
may be to explore the full pressure-temperature struc-
tural phase diagrams of these materials:

The second transition, at higher pressurespis a signifi-
cant collapse of the ¢* interplanar spacing - clear.in the
(001) d-spacings shown in Fig 4.a. This'is accompanied
by a change in symmetry and unit eell,- in FePS; to a
trigonal P — 31m trigonal space group. This transition
was not observed in the vanadium'eompound up to the
maximum measured pressure of 180 kbar, despite this
compound having the lowest” band. gap and resistivity.
This HP-I to HP-II transitionscorresponds to a reduc-
tion of unit cell volume by up to 20%, appears to occur
sharply, and has a large pressure hysteresis - the material
remains in the HP-IL phase evenwrwhen nearly all the load
is removed from the cell, suggesting’a strong first-order
nature. Such a dramatic change/in the structure can
certainly be expécted to manifest in changes to the mag-
netism and transport,jand indeed in Fe, Mn and NiPS3
we can associate the insulator-metal transition pressure
with thisstructural transition.

All of the TMPS3 compounds measured thus far have
exhibited “some form of insulator (semiconductor) to
metal transition at elevated pressures [45, 51, 52, 55,
58, 59| - examples for the cases of FePS3; and V(gPS3
are shown/in Fig 5. The vanadium compound shows a

unique difference from the rest of the family - as dis-
played in Fig 4.b, in all other materials measured the
insulator=metal transition occurs coincident with the HP-
I to HP-II struetural phase transition. Such a significant
collapse of the unit cell will bring interplanar separation
ofofor instance, the P atoms down to a length where
électron,overlap and bond formation can be expected - a
3D charaeter and movement of electrons between planes
and'sites is then unsurprising. Extra bond formation is
also consistent with valence changes upon metallisation
reported by Wang et al. In V( ¢PS3 however, metallisa-
tion is observed to occur gradually and smoothly, in the
absence of any structural change [52]. V(. oPSs, unlike
the other materials, also shows variable-range-hopping
type resistivity (with a pressure-dependent dimensional-
ity exponent), rather than conventional Arrhenius-type
activated exponential insulating resistivity.

An additional interesting difference between these two
cases is the temperature dependence of the resistivity p
in the high-pressure metallic states. Both show the pre-
viously reported resistivity upturns at low temperature -
Kondo-like but not fully explained at this time. Above
the upturn temperature, metallic V gPS3 exhibits linear
p vs T as may be expected for a highly disorded sys-
tem at elevated temperatures - the residual resistance
ratio (RRR, p(300K)/p(2K)) is additionally very small
at around 1.2. FePS3 in contrast has a RRR of around
8, and a temperature dependence which appears to de-
viate from a linear or quadratic relation - a hint that a
potential future direction for research into these systems
may be non-Fermi-liquid or quantum critical physics in
the high-pressure ’strange metal’ states.

The magnetoresistance at low temperature of these two
compounds additionally displays striking contrasts. As
shown in Fig. 6, which plots fractional magnetoresistance
- the field-symmetric component of p(B) normalised as
(psym(B) — p(0)) /p(0) and plotted as a percentage, the
p(B) dependences are very different between Vg gPS3 and
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FIG. 6. Magnetoresistance of V and FePSz at 2
creasing pressures. a) Fractional magnetoresistance, F
(pym(B) — p(0)) /p(0) of Vo.uPSs at 2
the metallisation pressure of 120 kbar (all'in
b) FMR of FePSs at 2 K, at high pressur
HP-II phase.

FePS;. In the insulating state of
just before the insulator-metal tyan
sistance is linear in field (exce
negative - increasing the mag

PSslat 105 kbar,
i magnetore-

all fields) and
lowers the resis-
e transition how-
t\is then absent or very
y er resistance, we were
not able to measur empe magnetoresistance
in the HP-I state o Ss, etallic state above
120 kbar shows a_sigii positive magnetoresistance,
in contrast to am case.

A final example isjithe study of high-pressure Ra-
man spectra. - i omplementary to the thickness-
depende aman studies. In a recent paper [54] we
were able,to track the evolution of the Raman spectrum
of room-t ure Vo oPSs with pressure, through the

gansition to the HP-I structural phase and the insulator-

metal t fion. We additionally were able to carry out
a tio calculations of high-pressure phonon modes and

very

6

band structure, for the first time using the detailed struc-
tural data from the high-pressure measu nts. Visual-
isations of two of the vibrational modes ed to two
of the key peaks are shown in Fig 7 ke It is

specifically a motion along the interp direction,
so this stiffening supports the i cloud
dimensionality suggested by a in this

material - the very tuning 2D to"3D we desire to

study.

USSION

1 of, and can be tuned through thickness control,
doping or hydrostatic pressure from truly 2D up
D structure by merit of their weak van-der-Waals
planar interactions. The presence of both antiferro-
magnetism and the strong electron correlations and Mott
hysics in these materials - which can be cleanly con-
trolled via pressure - offer new avenues to explore in 2D
and device physics.

Two structural transitions are found to be common
to the family - a shear of the planes, here argued to
occur at pressures scaling with metal ion radius, and
then a collapse of the interplanar spacing and a rais-
ing of the crystal symmetry. In all cases except the
vanadium compound, which forms an interesting excep-
tion, an insulator-metal Mott transition accompanies this
strongly first-order second transition, and the pressure
value of this scales with ambient-pressure energy gap.
Ab-initio thereoretical calculations using the structures
discovered from pressure measurements show agreement
with the observed transport and vibrational data, and
have begun to give insight into the links between dimen-
sionality and the phonon modes in these compounds. A
detailed pressure dependence of the structural parame-
ters and symmetries is essential to inform future theo-
retical studies and predictions. Both the resistivity and
magnetoresistance of metallic high-pressure FePS3 and
Vo.9PS3 were observed to show key differences and sev-
eral effects remain to be investigated or explained. De-
tailed study of the potentially unconventional metallic
states in these high pressure phases shows promise as a
future direction in this field.
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FIG. 7. Visualizations, looking along the ab planes with unit cell boundaries drawn in lig
vibrational modes of Vg 9PSsat 11 kbar. Mode p2 stands out as being an out-of-pla: o

alone is observed to stiffen at the insulator-metal transition.

Methods

The magnetotransport data reported here on Vg 9PS3
and FePS3 were carried out in diamond anvil cells [60, 61]
with non-magnetic BeCu bodies and BeCu and sintered
diamond powder gaskets respectively. The cells were
measured within a PPMS cryostat, Quantum Design,
ing the PPMS internal Resistivity measurement op
Single crystals were prepared in a 4-wire geometry
the ab plane, with gold contact pads evaporated ont
freshly cleaved surfaces and gold wires bond
with DuPont 6838 silver-loaded epoxy. Glycero
as a pressure transmitting medium and the pressu
measured via the fluorescence spectrum of a chip of ru
placed within the pressure region [62].
visualisations were created in VESTA [6
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