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Electronic and vibrational properties of the two-dimensional Mott insulator V,PS; under pressure
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We present a Raman spectroscopic study of the layered antiferromagnetic Mott insulator V(oPS; and
demonstrate the evolution of the spectra with applied quasihydrostatic pressure. Clear features in the spectra
are seen at the pressures identified as corresponding to a structural transition between 20 and 80 kbar and the
insulator-metal transition at 120 kbar. The feature at 120 kbar can be understood as a stiffening of interplanar
vibrations, linking the metallization to a crossover from two- to three-dimensionality. Theoretical ab initio
calculations, using the previously determined high-pressure structures, were able to reproduce the measured
spectra and map each peak to specific vibration modes. We additionally show calculations of the high-pressure
band structure in these materials, where the opening of a band gap with an included Hubbard U term and its
subsequent closing with pressure are clearly demonstrated. This little-studied material shows great promise as a
model system for the fundamental study of low-dimensional magnetism and Mott physics.
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I. INTRODUCTION

Low-dimensional — materials, especially the two-
dimensional (2D) case of layered structures separated by
weak van der Waals gaps, have long provided robust test beds
for investigating fundamental physics but are now enjoying a
surge of interest for both device applications and magnetism
research [1-5]. For device applications and the physics of
nanostructures and heterostructure assemblies it would be
very useful to command the ability to easily and cleanly
select the material thickness down to single layers, as well
as to have fine control over both novel magnetic states and
tunable electronic band gaps in semiconducting systems.
Fundamental questions about the nature of truly 2D magnetic
order and the emergence of metallic or superconducting states
from antiferromagnetic Mott-insulating phases can also be
answered in these simple, clean, controllable systems.

One particularly rich, and long overlooked, family of ma-
terials now under intense scrutiny worldwide is MPX3, where
M denotes a first-row transition metal and X either S or Se.
First synthesized by Klingen in 1969 [6-8] and later reviewed
comprehensively by Grasso and Silipigni [9], they have been
studied in detail in more recent years as excellent examples of
2D magnetic systems. The MPX3 compounds form a layered
honeycomb lattice of the metal ions [10—13] with monoclinic
space group C2/m and interplanar forces solely through a van
der Waals interaction between P,S¢ clusters surrounding the
metal ions. They can be easily mechanically exfoliated as with
graphene and have been shown to maintain their magnetic
ordering down to monolayer thickness [14,15], while also
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allowing easy and clean assembly of complex heterostructures
of different functional van der Waals materials. While the ma-
terial family is mainly isostructural, electronic band gaps, spin
states, magnetic ordering, magnetic anisotropy, and critical
behavior change with the choice of transition metal [16-25].
MPX; compounds all show insulating, exponentially in-
creasing resistivity with decreasing temperature—and can be
described as p-type semiconductors [9] and as Mott insulators
[26,27]. Recent works have demonstrated Mott insulator—
metal transitions in MnPS3, FePS3, and VPS5 [26-29] and,
additionally, superconductivity in FePSe; [30]. Historically,
the calculation of realistic band structures for these materials
has proved challenging, and only recently have precise theo-
retical works begun to emerge [31]. Theoretical understanding
of the high-pressure metallic states and of the evolution of the
systems as they approach metallization is a crucial ingredient
in advancing our understanding of this physics. van der Waals
compounds such as these are perfectly suited to high-pressure
studies, where the hydrostatic pressure has the predominant
effect of smoothly and controllably reducing the interlayer
spacing and hence moving towards three-dimensionality,
while avoiding complications of doping or disorder.
V1_,PS3, with x the level of vanadium deficiency, is an
MPX; compound that has been long overlooked despite its
great potential, with only a few basic properties characterized.
It has the smallest band gap of the MPXj3 compounds at
around 0.25 eV [12,32,33] and by far the lowest resistivity
(of the order of 2 cm) at room temperature—suggesting
that it could be useful as an ingredient in van der Waals
transistors and other devices. This can additionally be tuned
over an order of magnitude by altering the level of vanadium
deficiency [33]. Our earlier study [27] reported on the high-
pressure structure and the anomalous transport behavior of
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FIG. 1. Crystal structures and parameters of the high- and low-
pressure phases of Vo¢PS;, taken from [27]. Crystal structure of
Vo.9PS; (a) at 11 kbar, the LP phase, and (b) at 177 kbar, the HP-I
phase. The HP-I structure has § close to 90 ° so atoms in each plane
are aligned with their equivalents in neighboring planes.

this material and uncovered a gradual structural transition
between 20 and 80 kbar (Fig. 1), followed by an insulator-
metal transition around 120 kbar. The resistivity was reported
in this work as the 1D (or equivalent) variable-range-hopping
type, rather than Arrhenius in this compound, so the band-gap
value extracted from the resistivity fits in the literature is not
a precise indication of a true gap. The dimensionality of the
transport was intriguingly shown to tune from 1D up to 3D at
the point of metallization.

Like most members of the MPX3 family, V|_,PS3 is anti-
ferromagnetic [12], with a Néel temperature of around 62 K,
but to date there has been no detailed study of its magnetic
structure. We can infer from the vanadium deficiency in
V_,PS3 that there is most likely valence mixing at the vana-
dium site between V2* and V7 states. An interesting parallel
can then be drawn to VAgP,Se [34], where the mixture of
V3* (§ = 1) and Ag'" ions on the honeycomb lattice leads
to long-range ordering of these sites into 1D chains and the
emergence of a Haldane-gapped spin-chain state.

II. METHODS

Single crystals of V(9PS3; were grown via a chemical vapor
transport method in a two-zone tube furnace at temperatures

of 600 and 350 °C for 1 month using 0.1 g of TeCl, flux for
1 g of reactants. Prior to the reaction, the quartz tubes used
were cleaned and dried, loaded with V (99.5%), P (99.99%),
and S (99.98%) powders under an argon atmosphere, then
evacuated to 5 x 10~ mbar with an oil diffusion pump before
sealing. The crystals form with vanadium deficiency, due
to its natural tendency to V3* valence (the transition metal
in MPX3 is M%), so a 20% excess of vanadium powder
was added to the reactant mixture to attempt to mitigate
it. Crystals were characterized by powder and single-crystal
diffraction for phase purity and by energy-dispersive x-ray
spectroscopy for stoichiometry. The samples used in this
study had a stoichiometry of V(¢PS;, with an uncertainty
of £0.05 on the 0.9 vanadium fraction, and were from the
same batch reported in our recent transport and structural
study [27].

For Raman spectroscopy measurements, several single
crystals of VoPS; were ground into a fine powder in an argon
atmosphere glove box, while immersed in liquid nitrogen;
the cryogenic grinding makes the material more brittle and
helps mitigate preferred orientation of the crystallites. This
powder was packed into the sample region of a diamond anvil
cell [35,36] with 400-um diamond culets and a stainless-
steel gasket with a 140-um sample space hole. A powder
sample ensures that all Raman peaks will be captured, as there
should be no directional dependence, and allows a large filling
factor of the sample region. No pressure medium was used;
preliminary tests with glycerol and methanol-ethanol mixtures
showed peaks from the pressure medium overwhelming the
sample signal, and our previous structural studies on this
family of compounds [26] have shown that, due to the softness
of these materials, there is little difference between data col-
lected with even a helium pressure medium and data collected
with no medium. The pressure values were measured through
the fluorescence of miniature ruby spheres included in the
pressure region [37]. Due to the quasihydrostatic nature of
the pressure, particularly at higher pressures, pressure gradi-
ents up to 15% could be measured, depending on the ruby
position within the sample region. The pressure was taken
as the maximum value measured for each point, and so true
pressures could potentially be slightly lower than reported
here.

The Raman spectra were collected at room temperature
on a micro-Raman spectrometer with a 488-nm Ar-ion laser
and a grating groove density of 1800 L mm~'. The collection
time was 2 s and each spectrum was accumulated 300, 600,
or 900 times depending on the overall signal /noise ratio. The
overall spectral resolution is ~0.55-0.85 cm™~! /pixel and the
spectrometer slit width 100 um. All spectra were collected
with 20 x microscope objectives. A separately collected back-
ground spectrum was subtracted from the data, and a general
polynomial background was additionally subtracted and the
data normalized to the highest peak.

The theoretical calculations were carried out in CASTEP
[38], using the low- and high-pressure structures found in our
earlier study [27]. The on-site electron-electron interactions
were determined with the generalized gradient approxima-
tion (GGA)-based Perdew-Berke-Ernzerhof (PBE) exchange-
correlation functional [39]. Long-range interactions such as
the van der Waals interaction are significant for layered
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structures like V(9PS3 so a hybrid semiempirical dispersion
correction term based on the Tkatchenko-Scheffler method
was applied during the calculations [40]. The interatomic
interactions among atoms were represented with the norm-
conserving on-the-fly pseudopotential [38]. The plane-wave
cutoff energies, used to define the precision of the electronic
wave functions, were set to 1000 eV. The convergence crite-
rion for the self-consistent field calculations for the structure
optimization was set to 107 eV /atom. The Monkhorst-Pack
grid was set to 7x7x1 to define the k points (i.e., 16 ir-
reducible k points and the I' point included). The conver-
gences of the plane-wave cutoff energy and the Monkhorst-
Pack grid for k points were tested; there were no significant
differences when using higher precisions. Initial structure
optimizations were performed to refine the crystal structures
beyond the experimental precision of x-ray diffraction for
the vibrational frequency calculations. The Broyden-Fletcher-
Goldfarb-Shanno (BFGS) algorithm [41] was used for the
geometry optimization algorithm. The convergence criteria
of the structure optimization were set to 107> eV/atom,
0.03eV/ A, 0.05 GPa, and 0.001 A for the total energy, max-
imum forces, maximum stress, and maximum displacement,
respectively. This then allowed the simulated IR and Raman
spectra to be calculated. The finite displacement method
was used to obtain the Raman intensity [42,43]. The band
structures and partial density of states were calculated more
precisely. The GGA + U method [44], including the effects
of spin polarization, was used, with Hubbard U values from
0.0 to 4.5 eV investigated. Previous studies have used values
in the range 3.0-3.5 eV [45—47] for vanadium ions, lower than
the 4.0-4.5 eV used for iron [48,49]. We present results using
a U of 3 eV as well as their equivalents if the much smaller
1-eV value is used.

III. RESULTS

The Raman spectra for Vy¢PS3 at room temperature are
shown for pressures ranging from 0 to 240 kbar (24 GPa)
in Fig. 2. The ambient pressure data show an equivalent
arrangement of peaks to those reported in isostructural com-
pound FePS; by Lee ef al. [14] and extensively mapped to
specific vibrational modes—with comparable peak shapes and
broadness. All MPS3; materials investigated so far (Mn, Ni, Fe,
V) have displayed the same structural transitions between the
LP, HP-I, and HP-II phases outlined by Haines et al. [26] in
FePS3; the evolution of Raman peaks in this vanadium com-
pound is likely to be universal in character across the whole
family. It should be noted that due to the finite crystallite
size in the powder used and the strong effects of preferred
orientation, the relative heights of peaks in the spectra are
not reliable—but their evolution is physical, as the same area
of the sample was used throughout. We call the peaks pl,
p2, p3, and p4 for ease of reference as shown by arrows in
Fig. 2.

Figure 3 shows the pressure evolution of each peak posi-
tion. All peaks shift upwards in energy/wave number as the
pressure is increased, consistent with the gradual decrease
in the lattice parameters. As shown in our structural study
[27], there are no abrupt changes in unit cell volume up to
the maximum pressure investigated therein (177 kbar), and
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FIG. 2. Normalized Raman intensities for powder V,¢PS; taken
at room temperature at increasing pressures. The y intercept of each
data set has been set to its corresponding pressure value. Four peaks,
labeled with arrows, can be identified at ambient pressure. Peak p3 is
gradually suppressed and disappears around 90 kbar.

correspondingly there are no jumps in Raman mode energies.
The p3 peak can be seen to be gradually suppressed in Fig. 2,
completely disappearing between 80 and 100 kbar. This is
consistent with the earlier structural results, which showed a
gradual crossover from the LP low-pressure phase to the HP-I
phase between 20 and 80 kbar; above 80 kbar there should be
no remaining phase fraction of the LP phase and hence the p3
peak (therefore assumed to be unique to this phase) is lost or
moved into the same energy as the p2 peak.
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FIG. 3. Raman peak positions for powder V,¢PS; taken at room
temperature at increasing pressures, extracted from fits to Fig. 2. All
peaks shift upwards in wave number as the pressure is increased, in
line with lattice compression, but peak p3 vanishes around 90 kbar
and a change of slope in the pressure dependence of peak p2 is
evident at around 120 kbar. The equations of the fits are as follows
(pressures in kbar, peak positions in cm™'): p1, 0.149p + 176.3; p2,
0.514p + 251.6 and, at high pressure, 0.369p + 269.2; p3, 0.376p +
275.2; and p4, 0.125p + 366.9.
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FIG. 4. Calculated Raman spectra for VPS5 at (a) 11 kbar and
(b) 177 kbar, using the structural information from [27]. The peaks
can be matched to those shown in Fig. 2, as annotated, except for two
small peaks in the high-pressure phase, marked with unlabeled black
arrows. The preferred orientation and imperfect powder averaging
mean that the experimental and theoretical peak heights will not
agree.

An additional feature of interest is the pressure depen-
dence of the p2 peak. Unlike the other peaks, which show a
good agreement with linear fits, the behavior of p2 was best
described by two separate linear slopes at low and at high
pressures, with a kink or change in slope around 120 kbar (an
uncertainty of around 10 kbar results from the high sensitivity
of such a line crossing to different fit regimes) from 0.514
to 0.369 cm~! /kbar. This pressure range corresponds to the
metallization pressure previously reported, along with the
crossover to 3D transport. The reduced slope at this kink
corresponds to a stiffening of the mode—the mode energy
is altered less by compression of the lattice than it was in
the insulating state—and again there is no visible change in
the other modes. All of this behavior is consistent with an
insulator-metal transition associated with gradually increased
electron overlap between crystal planes.

Using the room-temperature structural information ob-
tained in our previous work [27] at the Diamond Light Source,
we were able to calculate the simulated Raman spectra at the

FIG. 5. Visualizations, looking along the ab planes, with unit
cell boundaries shown in light gray, from calculation of Raman
vibrational modes: (a) p1, (b) p2, (c) p3, and (d) p4 at 11 kbar. Mode
p2 stands out as being an out-of-plane motion along the ¢* axis.

lowest and highest pressures measured in the structural study,
11 and 177 kbar. Eleven kilobars is well within the purely
LP phase and corresponds to the ambient-pressure structure,
while 177 kbar is deep into the HP-I phase and above the
metallization pressure. These simulated spectra are plotted in
Fig 4. As mentioned in the previous section, peak heights
in the experimental data will have been heavily modulated
by preferred orientation effects; disregarding this difference,
we can see a good correspondence between the calculated
and the experimental spectra. Peaks pl, p2, p3, and p4 can
be clearly identified and assigned to modes at the correct
energies, and hence the underlying vibrational modes for each
peak visualized. Two peaks in the high-pressure simulation
plotted in Fig. 4 are not visible in the experimental data,
but this may be, again, a result of the preferred orientation

—s states
—p states
—d states

Density of States (electrons / eV)

Energy (eV)

FIG. 6. Calculated partial and total spin-polarized densities of
states for Vo oPS; at 11 and 177 kbar, using structural information
from [27]. These are calculated using a Hubbard U of 3 eV for the
vanadium on-site repulsion. Reducing this quickly closes the ambient
pressure band gap. Inset: Zoomed-in view of the closed gap region
from O to 2 eV.
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FIG. 7. Calculated spin-polarized band structures (up spin states in blue and down spin states in red) of V(oPS; with a Hubbard U of 3 eV

(a) at 11 kbar (band gap of 1.495 eV) and (b) at 177 kbar.

suppressing peak intensities, as was found to be the case in
x-ray studies.

Additionally, the prediction of vibrational modes for metal-
lic systems like this using ab initio methods can introduce cer-
tain uncertainties due to the difficulties in defining the Hessian
matrix from calculated electronic structures. CASTEP only
supports the calculation of electronic structures in the absence
of U when calculating the vibrational modes. Therefore,
the calculated electronic structures of metallic VoPS; may
deviate from the true electronic features or those calculated
with the Coulomb interaction included. The shifting of all
modes to higher energies along with lattice compression was
well reproduced in the calculation.

Visualizations of each of the phonon modes in the LP
phase are displayed in Fig. 5. Mode p2 starkly stands out
in contrast to the complex in-plane twisting and breathing
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of the other modes; p2 corresponds to interplanar motion
almost purely along the ¢* axis. This is the mode which
appears to stiffen at the metallization pressure, whereas the
others are unaffected. That its interplanar nature makes it
uniquely affected by the transition is then fully consistent
with the transport properties being explained as a gradual
tuning from 2D to 3D, with eventual insulator-metal crossover
when interplanar interactions reach a threshold level. Mode
p3, which is suppressed as the system moves into the near-
trigonal HP-I phase (with 8 >~ 90°), can be understood as
an in-plane rotation of the P,S¢ molecular clusters. These
are responsible for mediating the interplanar interactions and
exchange [9], and their motion and energies can be expected
to be affected when the interplanar stacking is changed
in the sliding LP-to-HP-I transition. With the clusters now
positioned vertically above each other in the high-pressure

(b)
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FIG. 8. Calculated spin-polarized band structures (up spin states in blue and down spin states in red) of V¢PS; with a Hubbard U of 1 eV

(a) at 11 kbar (band gap of 0.226 eV) and (b) at 177 kbar.
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phase, it is reasonable that such vibrational modes either
change in energy or are made extinct through this structural
transition.

As a complement to the Raman study, we were also able to
calculate the band structures and density of states for VoPS3
in both the LP and the HP-I structural phases. This repre-
sents the first such calculation, informed by detailed high-
precision experimental structural results, in the MPS; family,
which again share the same structures and pressure-driven
structural transitions. As with previous works, the band struc-
ture appears metallic until an on-site Coulomb interaction in
the form of a Hubbard U is included in the calculation. U has
the effect of splitting the states at the Fermi level and hence
recovering the insulating or semiconducting behavior seen
in experiments across the MPS; compounds. This behavior,
along with the presence of magnetic order, forms a smoking
gun for a Mott insulator and correlated electron physics—
along with the observation of pressure continuously closing
the band gap. The exact choice of U value, as always with
this kind of calculation, has a strong effect on the size of the
band gap obtained. This is particularly problematic in the case
of Vy9PS3, which does not obey Arrhenius-type thermally
activated transport and so does not allow a simple extraction of
a meaningful band gap from the resistivity. Figure 6 shows the
calculated spin-polarized densities of states for the s, p, and d
bands, and their sum, in the low-pressure insulating phase and
in the high-pressure metallic phase. This calculation used a U
value of 3 eV, within the range 3.0-3.5 eV [45—47] commonly
used for vanadium ions, and results in a low-pressure band
gap of around 1.5 eV. This gap was found to decrease by
around 0.5 eV per eV of U reduced in a linear fashion. At
U values above 3.5 eV the 177-kbar high-pressure data also
develop a band gap, in contradiction to experiments, placing
an upper bound on the choice of value. The full spin-polarized
band structure plots for the low- and high-pressure phases
are shown in Fig. 7. The reported band-gap size estimated
in the literature is around 0.25 eV [12,32,33], but again this
value is not strictly physical and further spectroscopic study
is needed to clarify the electronic structure of even ambient-
pressure Vo oPSs. A gap of 0.25 eV can be achieved through a
(perhaps unphysically low) U of 1 eV, as shown in Fig. 8 for
completeness.

IV. DISCUSSION

We have reported the first high-pressure Raman spec-
troscopy study into the MPS; family of materials, a new
family of 2D compounds with rich potential, along with the
first precise calculations of electronic band structures and
vibration modes, informed by our earlier high-precision struc-
tural data at high pressures. The Raman peaks observed in
room-temperature powder V(oPSj3 all shift linearly upwards
in energy as the pressure is increased, except for the p2 peak,
which exhibits a kink or stiffening change of gradient at a
pressure of 120 kbar, where an isostructural Mott insulator—
metal transition was previously seen. This peak uniquely
corresponds to out-of-plane ionic motion and so its stiffening
can be considered a sign of the system becoming more 3D and
exhibiting interplanar interactions at the transition. Between
20 and 80 kbar, V(¢PS3 undergoes a gradual structural transi-
tion from the LP to the HP-I phase (these phases are universal
across all studied MPS3). Over this range peak p3 was seen
to be gradually suppressed and then to disappear at the point
corresponding to LP phase extinction.

Theoretical ab initio calculations were able to reproduce
well the Raman spectra and allow mapping of the individual
peaks, and the band structures and densities of states for each
phase were established. These are sensitive to the choice of
Hubbard U parameter, and more work remains to be done via
spectroscopy or photoemission techniques to probe the details
of the band structure experimentally, but the calculations were
able to produce results agreeing well with the experimental
observations. The opening-up of a narrow band gap, via the
tuning of an on-site Coulomb U, and then its subsequent
gradual closing with pressure form key evidence for correlated
physics and the Mott insulating state in this exotic and truly
2D compound.
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