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Abstract

Magnetic insulators in reduced dimension are the ideal model systems to study spin-

crossover (SCO) induced cooperative behavior under pressure. Similar to the external

perturbations like light illumination or temperature, external pressure may provide

new pathway to accelerate giant lattice collapse, and subsequently Mott transition in

van der Waals (vdW) materials with diminishing effect of the third dimension. Here,

we investigate room-temperature layer-dependent SCO and insulator-metal transition

(IMT) in vdW magnet, FePS3, under high pressure using micro-Raman scattering.

Experimentally obtained spectra, in agreement with the computed Raman modes, in-

dicates evidence of IMT of FePS3 started off with a spin-state transition from a high (S

= 2) to low spin state (S = 0) with a thickness dependent critical pressure (Pc) which

reduces to 1.45 GPa in 3-layer flakes compared to 10.8 GPa for the bulk counterpart.

Additionally, a broad Raman mode (P∗) emerges between 310 cm−1 and 370 cm−1

at elevated pressure for three different thicknesses of FePS3 flakes (3 - 100 layers),

also corroborated with computational results which suggests the pressure dependent

decrease of metal-ligand bond distance (Fe-S) with lowering of magnetic moment in

FePS3. Phenomenologically, our results in few-layer flakes with strong structural

anisotropy which enhances the in-plane strain with applied pressure can be under-

stood by adopting Hubbard model and considering the spectral-range (bandwidth

W ) as a function of layer numbers (L) and pressure (P ) with a power-law scaling.

Reduction of the critical pressure for phase transition in few-layer vdW magnets to

1-2 GPa marks the possibility of using nano-enclosure fit for use in device electronics

where the pressure is induced due to interfacial adhesion, like in vdW heterostructure

or molecules trapped between layers, and thereby, avoiding the conventional use of

diamond anvil cell (DAC).
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I. INTRODUCTION

Strong correlation between electronic and magnetic properties in quantum materials can

be realized in spatially confined 2D flakes of vdW magnets under high pressure. Moreover,

with varying layer thickness i.e. thinning the flakes down to few-atomic layer, electronic

band strcture and spin texture can be altered, as a result of which charge transport and

magnetism can be controlled [1–7]. Also, stacking of isolated monolayer and multilayers of

dissimilar materials led to the finding of van der Waals heterostructures and superlattices

with exotic behaviour resulting in practical electronic and spintronic devices [8, 9]. Recently,

the discovery of 2D long-range magnetic ordering and strong coupling in spin-valley degree

of freedom in 2D semiconductors have generated considerable interest as these materials

would be ideal building block to design multistate spin logic [10, 11]. Further, 2D electronic

system with quasi-one-dimensional triangular spin lattice show antiferromagnetic ordering at

ambient pressure, but superconductivity under high pressure [12]. Even though theoretical

studies have proposed a number of 2D magnets down to monolayer limit [13–17], very few

experimental reports concerns strictly-2D flakes [18–21]. Thus, tunable spin-ordering in

few-layer magnets respective to their bulk counterpart is important for exploring exotic

phases in new device architecture. A substantial amount of work has been done on the

magnetism of bulk 2D transition metal phosphorous trichalcogenide (MPX3) materials [22].

The magnetization of these materials vary with the d-electron configurations of the transition

metal (M): Ising type ordering in FePS3, Heisenberg type ordering in MnPS3 and XY type

ordering in NiPS3 [22–24]. Among these, FePS3 has attracted particular interest as Ising

type magnetic ordering in the bulk FePS3 which persists down to monolayer [22] and is

stable in air [21].

In bulk FePS3 with monoclinic crystal structure (space group C2/m), each Fe2+ atom

is bonded to six S2− atoms to form edge-sharing FeS6 octahedra, while Fe atoms forms

a honeycomb lattice. The S atoms are connected with P atom just above and below Fe

honeycomb plane which constitutes P2S6 unit [22]. These arrangements are stacked along

the c axis where each plane is bonded via very weak interlayer vdW interaction. The

anisotropic magnetic behavior of the system is governed by the competing direct Fe-Fe

exchange and indirect Fe-S-Fe superexchange interactions within layers (0.31 meV/cell), as

well as by interlayer exchange interactions (1.41 meV/cell) [22].
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Utilizing hydrostatic pressure as external stimuli and Raman scattering as an experimen-

tal probe to identify changes in phonon modes of a 2D magnet in few-layers may facilitate

detection of correlated structural change in a progressive manner with enhancement of d-p

metal-ligand charge transfer, and possible SCO [26, 27]. To the best of our knowledge,

except the study on quantifying vdW interactions in the layered MoS2 by measuring the

valence band maximum (VBM) splitting under pressure [28], pressure driven phase tran-

sition in few-layer vdW magnets, where the effects of the third dimension is diminutive,

unlike its bulk counterpart [25, 26, 29, 30], have not yet been systematically investigated.

Consequently, nature of volume collapse in finite-sized 2D, and the effect of the crystal field

splitting with d4−7 transition metal elements while thinning the bulk sample, and a possible

concurrent IMT may add new scaling laws, originating from the dimensional effect, to the

existing band theory of Mott insulators. .

Herein, we methodically investigate room-temperature pressure driven SCO and IMT in

FePS3 from the bulk (100 layers) to nearly 2D limit (3 layers) following characteristic phonon

modes using micro-Raman scattering. Raman modes, corroborated with the first-principle

density functional theory (DFT) calculations, reveal a prior SCO from a high (S = 2) to

low spin state (S = 0) with a thickness dependent critical pressure (Pc) which reduces to

1.45 GPa in 3-layer flakes compared to 10.8 GPa for the bulk counterpart to the complete

metallization. Moreover, evidence of a non-Lorentzian broad mode (P∗) evolves between 310

cm−1 and 370 cm−1 at elevated pressure, varies with different thicknesses of FePS3 flakes,

also supported by computational results, suggests the pressure dependent decrease of metal-

ligand bond distance (Fe-S) with lowering of magnetic moment in FePS3. We have adopted

a phenomenological model where a macroscopic structural change due to the variation of the

effective in-plane strain with layer numbers may result in reduction of the critical pressure

in few layer samples. Considering the electronic Hubbard model, using modified bandwidth

(W ) as a function of layer numbers (L) and pressure (P ) with a power-law scaling stipulates

the lessening effect of the third dimension on the critical pressure for IMT. Practically,

pressure as low as 1-2 GPa can be realized via interfacial adhesion utilizing the stacked

vdW heterostructure or molecules trapped between layers where conformational/magnetic

changes can be achieved bypassing the tricky, as well as delicate, use of the DAC, and most

importantly, engineered flakes can be employed in the conventional three terminal field-effect

transistor (FET) device architecture.
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II. EXPERIMENTAL DETAILS

Bulk crystals of FePS3 with 99.999 % purity from 2D Semiconductors (USA) was used

in the present study. Three types of FePS3 samples, namely thin layer FePS3 flake, thick

layer FePS3 flake and bulk FePS3, were investigated during the experiment. Thin and thick

layer of FePS3 flakes were mechanically exfoliated from the bulk crystal using mechanical

exfoliation technique by scotch tape. The thickness of the target flakes were estimated

following previous experience as reported in the earlier studies [31, 32]. The samples were

loaded in Diacell Bragg-Mini diamond anvil cell (DAC) with culet diameter of 500 µm. A

stainless steel gasket was used as sample holder. The gasket was preindented to thickness

of 60 µm and a hole of 180 µm diameter was drilled at the center of indentation to create

the sample chamber. Ruby sphere was placed with the sample to determine pressure inside

sample chamber during the experiment. The chamber was filled with methanol-ethanol

mixture in 4:1 ratio which act as hydrostatic pressure transmitting medium in the studied

pressure range. Raman spectra was collected using Horiba T64000 Raman set-up. The

spectra were taken in backscattering geometry using DPSS laser (λ = 532 nm) as excitation

source, and the beam was focused to a spot size of 1 µm by 50x objective. Raman spectra

were fitted with Lorenzian to determine peak positions and linewidth. Also, consistency

of Raman modes for a particular thickness has been verified at different spots with similar

contrast under optical microscope.

III. COMPUTATIONAL DETAILS

All the spin-polarized calculations were performed within the framework of density func-

tional theory (DFT) using the plane-wave technique as implemented in the Vienna Ab

Initio Simulation Package (VASP) [33]. The generalized gradient approximation method

(GGA) parameterized by the Perdew-Burke-Ernzerhof (PBE) was used to account for the

exchange-correlation energy [34]. DFT+U method (Hubbard correction parameter) was

used to account for the on-site coulomb repulsion and improve the description of localized

Fe d-electrons in FePS3 systems with Ueff = 4.2 eV as recommended by the previous stud-

ies [22]. The projector augmented wave potential (PAW) was used to treat the ion-electron

interactions. The DFT-D2 empirical correction method proposed by Grimme was applied
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to describe the effect of van der Waals interactions [35]. Structural optimization at a spe-

cific external pressure was performed by adding the required pressure to the diagonals of

the stress tensor. In all computations, the kinetic energy cut-off is set to be 520 eV in

the plane-wave expansion. All the structures were fully relaxed (both lattice constant and

atomic position) using the conjugated gradient method and the convergence threshold was

set to be 10-4 eV in energy and 0.01 eV/Å in force. The Brillouin zone was sampled using

a 5×5×5 Monkhorst-Pack k-point mesh for geometry optimization of bulk FePS3 while a

5×5×1 Monkhorst-Pack grid was used for the thick and thin layered FePS3 [22] systems. A

higher Monkhorst-Pack grid of 7×7×7 and 7×7×1 was used to calculate the electronic den-

sity of states (DOS) respectively for bulk and layered FePS3 systems. The Raman intensity

for each mode was calculated using the following equation [36]

IRaman = 45α′2 + 7β′2 (1)

Where α′ and β′ are the mean polarizability derivative and the anisotropy of the polariz-

ability tensor derivative respectively and can be written as

α′ =
1

3
(α̃′xx + α̃′yy + α̃′zz) (2)

β′2 =
1

2
[(α̃′xx − α̃′yy)

2 + (α̃′yy − α̃′zz)
2 + (α̃′zz − α̃′xx)

2 + 6(α̃′2xy + α̃′2yz + α̃′2zx)] (3)

Where α̃′ is the polarizability tensor and the respective derivatives are taken with respect to

normal mode coordinate (Q), signifying the amount of displacement along one eigenvector

of the system. The eigenvectors were obtained through direct diagonalization of the hessian

matrix. α̃′ (per volume) was calculated with the VASP simulation package using density

functional perturbation theory [33] by displacing the atoms along the eigenvectors of each

mode twice. α̃′ was approximated as a finite difference quotient and hence the Raman

intensity of the mode was found. All these calculations were performed using a python

script [37] interfaced with VASP simulation code [33].

Bulk FePS3 was modelled considering the unit cell of monoclinic FePS3 (space group

C2/m) consisting of 20 atoms with lattice parameters a = 5.95 Å, b = 10.30 Å, c = 6.72

Å. In order to model thick-layered FePS3, we considered a three-layered periodic slab with

60 atoms while the thin-layered surface was modelled with the single-layered periodic slab

with 20 atoms. In the case of thick and thin-layered FePS3 surfaces, a vacuum layer of 20
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Å was used in the direction perpendicular to the surfaces (along the Z-direction) to avoid

spurious interactions between the slabs.

IV. RESULTS AND DISCUSSION

IV.1. Experimental Results

Three types of FePS3 samples were transferred on to the diamond culet. Fig. 1(c)

depicts the image of the samples locked inside the gasket hole in the DAC. Substrate-free

FePS3 samples were directly loaded into the DAC to investigate the intrinsic properties

of the two dimensional system, minimizing the effect of strain, substrate-material charge

transfer or optical interference. The measured Raman spectra at ambient condition from

the three samples is plotted in Fig. S1 and is similar to the previous reports [22, 25, 38].

At ambient condition, bulk FePS3 adopts C2/m symmetry group, which has 30 vibrational

modes at Brillouin zone center: Γ=8Ag+6Au+7Bg+9Bu. Among these, Raman active Ag

and Bg modes are observed in the Raman scattering experiment. Note that only seven

Raman peaks have been detected from the bulk sample and six peaks from both thin and

thick sample. Previous Raman scattering data on FePS3 as reported by Wang et al. [26]

identified the phonon symmetries of the observed modes (Fig. S1) P1, P2 and P4 as Ag/Bg

(156, 224 & 277 cm−1) and P3 and P5 as Ag (246 and 378 cm−1); these modes are due to

molecular like vibration from (P2S6)
4− bipyramid structure. The low frequency peak at 98

cm−1 and 156 cm−1 are from vibration including Fe atom and broadening of these modes

are due to local fluctuation or disorder as suggested by Lee et al [22]. Another new weak

peak detected form the bulk sample at 407 cm−1 (P6) was not reported in any of the studies.

Earlier, a Raman peak at 480 cm−1 was reported by Scagliotti et al. [38] and assigned the

mode as Ag mode which originates from P-P bond stretching of (P2S6)
4− unit. We could not

detect the 480cm−1 peak, also no other reference experimental study detected the concerned

vibrational mode. Therefore, we may assign the observed new peak P6 at 407 cm−1 as Ag

mode.

First, high pressure Raman measurement on layered FePS3 for three different layer num-

bers up to 20 GPa is reported in the rest of the paper. Fig. 1(d) depicts the pressure-

dependent Raman spectra of the thin layer (∼3 layers), thick layer (∼30 layers) and bulk
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(more than 100 layers) FePS3 at room temperature. Approximate layer thickness has been

determined from the intensity ratio of P4 and P5 modes. This has been reconfirmed by

optical micrograph in transmission mode of the exfoliated samples on diamond culet where

dark contrast indicate higher number of layers. In the bulk FePS3 Fig. 1(d), with increasing

pressure, the Raman spectrum shows hardening of P3 to P6 upto 12.2 GPa. Note that P2

at 224 cm−1 can not be detected with considerable clarity (Fig. S2). At 12.94 GPa, P3 and

P4 vanishes. The intensity of P5 decreases and P6 becomes more intense. With application

of pressure, all the detectable Raman peaks shifts to the higher frequencies because of the

strengthening of intra-atom interactions under hydrostatic pressure. Unlike the other peaks,

frequency shift of the mode at 98 cm−1 with pressure has not been observed, rather a change

in its shape is detected with the increasing pressure (Fig. S2). All the modes seem to be

broadening with pressure above 10 GPa and P3 and P4 become difficult to be recognized be-

yond 12.2 GPa. The P5 mode is found to persist till 15 GPa with reduced intensity, whereas

P6 peak is seen to dominate above 12 GPa and disappear at 17.4 GPa (Fig. S2). The

pressure-induced line broadening for all the peaks, along with the complete loss of Raman

intensity can be attributed to pressure driven metallization of FePS3. Alternative studies on

bulk samples, like in the pressure-induced resistivity measurement, Haines et al. [27] found

metallization of FePS3 at 5 GPa, whereas Tsurubayashi et al. [39] observed IMT at higher

pressure, between 10 and 11 GPa. In the current study, from the Raman scattering data, it

can be predicted that metallization in bulk FePS3 occurs around 10 GPa.

Further, X-ray diffraction study on bulk FePS3 by Haines et al. [27] suggested an align-

ment of vdW planes after metallisation, where Fe atoms directly comes above one another,

and likewise for the P atoms. As a result, out-of-plane P6 vibrational mode originates from

P-P bond stretching and becomes favorable in this pressure range. Also, the evolution of

the peak at 98 cm−1 under compression can be attributed to the gradual shift of the Fe

atom in the hexagon plane with pressure during the alignment of vdW planes. Note that

the Raman modes are well recovered below 12 GPa while releasing the pressure.

Concerning thick-layer FePS3 flake, all the characteristics Raman modes can be identified,

except the P6 mode. Importantly, the Raman spectra exhibit same trend to that observed

in the bulk sample. The spectra collected at different pressure from thick sample is depicted

in Fig. 1(d). Similar to the bulk sample, broadening of all the Raman modes are observed

above 10 GPa and all the modes vanish below 14 GPa. Thus, complete metallization of
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thick layered FePS3 occur at this pressure. A broad peak P∗ in the Raman spectra appears

above 6 GPa between 310 cm−1 and 370 cm−1 which exist till complete metallization of the

FePS3. While releasing the pressure,P5 peak is seen to appears at 10.23 GPa with the broad

peak and persists till 5.72 GPa. All the modes are recovered at 3.6 GPa.

Unlike bulk or thick sample, for the thin-layered FePS3, only P3, P4 and P5 characteristic

modes are present. The similar trend in peak shift has been observed with the increasing

pressure, but noticeably, P3, P4 modes become broad and asymmetric above 2 GPa. The

asymmetric line shape of the Raman spectra at the onset of metallization has also been

observed for several other magnetic compounds [40–42]. The phenomenon is found to be

associated with Fano resonance occurs at the beginning of metallization phase. Therefore,

metallization of thin layer FePS3 begins below 2 GPa. The broad peak P∗ between 310

cm−1 and 370 cm−1 detected for the thick sample at 6 GPa and become prominent with

the increase of pressure. This mode is also observed for the thin sample at above 1 GPa.

The black arrow in Fig. 1(d) shows the development of the broad peak with the pressure.

All the modes vanish at around 10 GPa, suggesting complete metallization of thin layer

FePS3 at this pressure. The decrease of metallization pressure with the decreasing thickness

suggests interlayer interactions of FePS3 opposing IMT. Out of plane vibration P6 which is

prominent above 12 GPa in bulk sample, is not detected in thin and thick layered sample

due to lower metallization pressure for these samples and the less number vdW plane. The

P5 vibration mode is recovered with the decrease of pressure but broad peak exits upto 2

GPa. The sharp Raman peak from thin layer sample is recovered at 0.96 GPa.

To study the pressure dependence of the Raman modes of the three samples, we fit each

mode of the Raman spectra to Lorentzian line shape and plotted the positions of the peaks

with pressure in Fig. 2(a), (b) & (c). The figures show the peak shift of the vibrational

modes P3, P4 and P5 during compression cycle. The pressure dependence of the Raman

modes for bulk, thick and thin layer of FePS3 indicates a slope change, which are distinct

in three regions namely low pressure region (LP), intermediate pressure region (IP), and

high pressure region (HP). These regions are defined differently for the three samples. The

modes exhibit a linear increase in all the three regions and the rate of these linear blue shift

with pressure is shown in Fig. 1(a), (b) & (c).

The rate of blue shift of the Raman modes is larger in thin layer FePS3 than in the thicker

sample. A Similar trend is observed for graphene [43, 44] and TMDs [45] under pressure.
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This is because with the thin layer sample, there is less van der Waals plane to buffer the

pressure, hence more pronounced hardening of the vibrations and higher rate of blue shift.

The rate of increase of P3 mode with pressure is higher than P4 and P5 mode for all the

considered cases. The different rate of pressure gradient of peak shift can be understood by

analyzing the types of vibrations involve in these modes. The P3 breathing mode involve

out of plane vibration of sulphur atoms, whereas P5 originates from symmetric stretching

vibration of the P-S bonds and P4 mode corresponds to in-plane stretching of P2S6 cluster

[38, 46]. With the increase of pressure, the out-of-plane P3 mode compression becomes more

favourable than the in-plane P4 and P-S bonds stretching. The similar hardening of out of

plane vibration with pressure is also evidenced in other van der Waals material. Further, in

case of bulk sample separation between P5 and P6 increases with the pressure as hydrostatic

pressure strengthen out of plane P-P stretching P6 vibration.

In our Raman measurement, broad Raman scattering peaks are detected from all the

three FePS3 samples between 300cm−1 and 370cm−1 Fig. 1(d) and Fig. S2; the pressure

at which the peak starts to appear are different for the three samples. For bulk FePS3 the

broad peak is observed at 10.8 GPa, whereas for thick and thin layered sample the peak is

detected at 6 GPa and 1.45 GPa respectively; which is at beginning of the IP region for all

three cases. To the best of our knowledge, this broad peak have not been reported in any of

the previous Raman studies of FePS3 and linewidth of this peak is several times larger than

those of the observed phonon modes. The black arrow in Fig. 1(d) and Fig. S2 shows the

development of the broad peak with the increasing pressure. The development of this peak

is prominent for thick and thin layered sample but not clearly detected for bulk sample. To

understand the appearance of P∗, first principle calculation together with computation of

Raman spectra was carried out for the bulk, 3-layered and mono-layered FePS3 which will

be discussed in details in the next section.

IV.2. Computational Results

To rationalize the pressure-driven electronic phase transition (metal-insulator) as well as

spin state transition, we have performed electronic structure calculations based on first-

principles density functional theory (DFT) using Vienna Ab Initio Simulation Package

(VASP).
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The in-plane lattice parameters (a and b), the distance between Fe atoms, and bond

length between Fe and S atoms as well as P atoms are 5.88 (a), 10.19 (b), 3.40, 2.50 and

2.20 Årespectively at P = 0 GPa. The in-plane lattice parameters as well as interatomic

distances decrease as pressure increases (Fig. S1(a) and Table S1). In addition, the calcu-

lated magnetic moment of Fe atom (3.34 µB) at 0 GPa [22, 47, 48] indicates that Fe2+ ions

in bulk FePS3 are in a high spin state (S = 2) while the gradual increase of external pressure

on FePS3 leads to spin-crossover from high spin (HS) to low spin (LS) where S = 0. This

spin-state transition can be overwhelmingly observed from the calculated magnetic moment

value which decreases with the increase in pressure and finally becomes 0.00 µB/Fe atom at

the spin-state transition pressure of 10.80 GPa (Table S1).

Bulk FePS3 at 10.80 GPa undergoes a considerable decrease of in-plane lattice parameters

(a = 5.65 Å, b = 9.75 Å), specially Fe-S distance indicating strain induced lattice deformation

and structural transition (Fig. S3(b) and Table S1).

Interestingly, this spin-state transition phenomenon is also associated with the electronic

phase transition of bulk FePS3 from insulator to metal. Density of states (DOS) analysis

shown in Fig. S3(c) vividly exhibits that bulk FePS3 at 0 GPa is an insulator with a band

gap (Eg) of 1.3 eV while the band gap narrows down with the increase of pressure and

finally transforms into a metallic phase (Eg = 0.00 eV) at 10.80 GPa indicating insulator to

metal phase transition (as the PBE functional highly underestimates the band gap [49], band

gaps were not determined from band structure calculation). Besides, the local and projected

density of states (LDOS and PDOS) analysis further justifies pressure-driven spin-crossover

in bulk FePS3. At P = 0 GPa, both the LDOS and PDOS of Fe atom demonstrate the

asymmetric nature of electron density of states for up and down spin while at transition

pressure of 10.80 GPa, the nature eventually transforms to symmetric indicating complete

spin ordering with the transition of spin state (Fig. S3(d-f)).

Further, we have computed Raman spectra to probe spin-state in FePS3 unveiling the

structure-property relationship between pressure-driven structures with different Raman

modes (Ag and Bg). Bg modes at 237 and 262 cm−1 along with Ag modes at 253 and

392 cm−1 are due to molecular-like vibrations from [P2S6]
4− bipyramidal units whereas the

low-frequency peak at 165 cm−1 is indicative of vibrations from Fe atoms (Fig. S3(g)).

Besides, broad high-frequency Ag mode in the range 330-450 cm−1 also has the contribution

from P-P bond stretching of [P2S6]
4− originating peak at 410 cm−1. Shifting to higher

11



frequencies as well as broadening of Raman peaks (Fig. S3(h-i)) with the increase of pres-

sure suggests the strengthening of interatomic interactions which is evident from interatomic

distances (Table S1). Interestingly, higher frequency Ag mode at 410 cm−1 gets shifted to

442 cm−1 and becomes more intense and distinct at the transition pressure (10.80 GPa)

which vividly suggests that P-P bond stretching becomes more favorable at this pressure.

Besides, the broadening and shifting of Raman peaks, two new peaks generate at 326 and

342 cm−1 due to structural distortion arising from the shift of Fe atoms in the hexagonal

plane along with P atoms resulting change in the alignment of van der Waals planes at

transition pressure (Fig. S3(h)). This structural change of bulk FePS3, as well as generation

of new Raman peaks above 10 GPa, is in line with the earlier studies [22, 27, 48, 50]. Hence,

calculated Raman spectra further correlate the structural transition of bulk FePS3 during

spin state transition at 10.80 GPa.

Similar pressure-induced lattice distortion, as well as structural transition, is also ob-

served for the thick and thin-layer FePS3 (Figs. S4(b) and Fig. 3(b)). In the case of thick

FePS3, both the interlayer separation as well as the interlayer distance between two Fe

planes decrease with the increase of pressure and finally become 3.40 and 5.72 Årespectively

(Fig. S4(b)). The abrupt change in in-plane lattice parameters and ditance of Fe-S has

similary been observed here (Tasble S1). However, unlike bulk, thick and thin layer FePS3

demonstrate spin state transition accompanying insulator-metal transition at a relatively

lower external pressure of 6.06 GPa and 1.45 GPa respectively (Table S1 and Figs. S4(c)

and Fig. 3(c)). This reduction of transition pressure may be due to the gradual decrease of

van der Waal planes from bulk to thick to monolayer FePS3 which indirectly justifies the

opposing effect of interlayer interactions towards spin state and electronic phase transition

in FePS3. DOS, LDOS and PDOS analysis further confirm the spin state and electronic

phase transition in thick and thin layer FePS3 (Figs. S4(d-f) and Fig. 3(d-f)).

Both the thick and thin layer FePS3 exhibits similar Raman spectra except for higher

frequency Ag mode beyond 410 cm−1 which is suppressed here in contrast to bulk FePS3

(Figs. S4(g) and Fig. 3(g)). Interestingly, unlike bulk, the thick and thin layer FePS3 shows

larger peak width of Ag and Bg Raman modes with the order bulk < thick < thin. This

is quite reasonable because in thin layer FePS3, the effect of external pressure resulting

in structural disorders will be more pronounced and hence the extent of ordering will be

shorter compared to thick and bulk structures [22]. It is noteworthy to mention that the
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pressure-dependent blue shift of Raman peaks is also well observed in thick and thin layer

FePS3 (Figs. S4(h-i) and Fig. 3(h-i). However, the extent of blue shift of two high-frequency

Ag and Bg Raman modes is higher in thin FePS3 compared to thick and bulk due to the

presence of less van der Waals plane to buffer the pressure resulting in a higher rate of blue

shift with hardening of vibrations. These changes in Raman spectra are in good agreement

with the experimentally observed Raman modes. The comparison of the experimental and

the computational Raman spectra at zero pressure and the critical pressure i.e. at the onset

of intermediate pressure zone, reveals the evolution of P∗ in Fig. 4. The spin state transition

is accompanied by the evolution of P∗ as evidenced by the collapse of calculated magnetic

moment per unit volume for Fe2+ ion (Fig. 5) at the intermediate pressure zone.

Using current computational studies and previous works on the same sample, three distinct

zones can be detected via Raman spectroscopy. The pressure-driven spin-crossover of the

Fe2+ ion from S = 2 (t42ge
2
g) to S = 0 (t62ge

0
g) in the computational studies predicts an en-

chantment of d-p metal-ligand hybridization almost at the onset of IP region. The IP region

might be viewed as the beginning of the metallic phase . The spin-crossover also tends to be

progressive with the decreasing layer numbers, and accordingly, metallic behaviour is intro-

duced gradually for the few-layer flakes. However, this situation also involves a structural

change. In contrast to out-of-plane collapse, weak vdW force favours slippage between layers

[28]. A sudden slippage among the layers takes place where the crystallographic c-axis will

become perpendicular to the a-axis and Fe atoms in one layer are placed on another layer

[27]. It may be anticipated that this particular sliding will require higher pressure for a large

number of layers. Because of this, as the number of layers decreases, the transition pressure

for the initial structural phase transition that leads to the formation of the new peak will

also decrease. Moreover, the IP region could be considered to be a bad metal, as Kim et

al. predicted [51]. It has been proposed that the IMT is mediated in the IP zone by t2g

orbital of Fe2+ ion, leaving eg gapped. At the beginning of the HP zone, an experimentally

observed sudden volume collapse is accompanied by the creation of an in-plane Fe-Fe inter-

metallic bonding, which delocalizes electrons. Thus, complete metallization is occurring at

this regime [26, 27].

.
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IV.3. Discussion

From the macroscopic viewpoint, any 2D stacking can be conceptualized as thin sheets

experiencing anisotropic strain under isotropic stress (see Fig. S5). In this configuration,

each layer/sheet encounters same amount of force (F ) along the transverse direction. On

the other hand, the force (Feff ) acting along the stairs will be equally distributed among

all of the sheets ( F
N

, N is the number of sheets). As a result, when the same amount of

force is applied in all the three directions, the out-of-plane strain will be thickness invariant,

but the in-plane strain ( δl
l
) will be larger with fewer sheets, since δl

l
∼ 1

N
. Thus, it may

be anticipated that any structural transition involving in-plane deformation will hold for

a smaller number of sheets at a substantially lower external pressure. Importantly, our

experimental results (see Fig. 2 for details) justify the above argument if we consider the

first transition point for the FePS3 flakes which occurs at lower pressure (1.45 GPa for thin

and 10.8 GPa for the bulk) for the thin layered samples. Furthermore, at a critical pressure

the in-plane inter-atomic distance will be small enough to obtain substantial orbital overlap

due to the effective high in-plane strain. As a result, it will also be projected that the

transition from insulator to metal for thin layer will occur at a lower external pressure than

that for the thick layer.

Further, to understand our results concerning the layer dependent phase transition, we

attempt to predict the insulator-to-metal transition by adopting Hubbard model where

the bandgap (Eg) between the upper and lower Hubbard subbands is Eg = U −W (U is

the onsite interaction and W is the bandwidth). For strongly correlated Mott insulators,

as in the case of FePS3, we may consider U � W . Since bandwidth increases with the

reduction of inter-atomic spacing, metallic behaviour could be observed in the Mott insulator

(W ≥ U) by lowering the inter-atomic distance. For strongly correlated multielectron dn

system, U is modulated by crystal-field splitting (10Dq), Hund’s exchange coupling (J) and

orbital degeneracy, and conventionally replaced by Ueff . In our experiment, as reduction

of inter-atomic distance occurs due to external hydrostatic Pressure (P ), we may consider

W (P ) = W0 + cPα, where α is positive number, c is a constant and W0 is the bandwidth

at the ambient pressure. However, experimental data suggests that the transition pressure

for IMT is decreasing with lowering the thickness or the layer number (L). Therefore, W

can be expressed as W (L, P ) = W (L)W (P ), which may be assumed to scale as L−βPα (β

14



positive number). Note that, W (L) controls the rate of change of W (L, P ) with pressure

which is analogous to the experimental data, fitting well with the linear approximation for

all three different thicknesses, but with different slopes (see Fig. 2). We believe that further

analytical model is required to improve the microscopic picture which might be useful to

correlate SCO and metallization.

V. CONCLUSIONS

In conclusion, layer dependence of the critical pressure for the spin-crossover and the

insulator-to-metal transition in a layered vdW magnet, FePS3, has been systematically in-

vestigated via micro-Raman spectroscopy, supported by the first-principle DFT calculations.

From the Raman scattering data, three distinct pressure regimes can be identified by fol-

lowing the slopes of the characteristic phonon modes with pressure. Detailed analysis of the

experimental results shows the SCO from a high (S = 2) to low spin state (S = 0) with a thick-

ness dependent critical pressure (Pc) which reduces to 1.45 GPa in 3-layer flakes compared

to 10.8 GPa for the bulk counterpart. In addition, an evolution of a broad peak (around 340

cm−1), detected in the intermediate zone, signifies SCO, as reflected in the computational

studies. Though the disappearance of Raman modes in the experimental data indicates

complete metallization at the high-pressure zone, computational studies suggest that IMT

may be initiated with the metal-ligand charge transfer through spin-crossover at much lower

pressure. A phenomenological model explained that sructurally anisoptropic FePS3 flake

experiences more in-plane strain with decreasing layer numbers at a fixed pressure. Elec-

tronic Hubbard model where the layer number dependence in the form of power-law scaling,

is introduced along with pressure in the bandwidth, suggests IMT at relatively low pressure

for few-atomic layer flake. Possibility of realizing 1-2 GPa in functional vdW materials with

interfacial adhesion may open up alternative strategies towards exploring novel phases in

atomic-layer magnets for spintronic devices applications.
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T. C.Hansen, D. P.Kozlenko,J.-G. Park and S. S Saxena,. Emergent Magnetic Phases in

Pressure-Tuned van der Waals Antiferromagnet FePS3. Phys. Rev. X , 11, 011024 (2021).

[51] M. Kim , H.-S. Kim, K. Haule and D. Vanderbilt Orbital-selective Mott phase and non-Fermi

liquid in FePS3 Phys. Rev. B , 105, L041108 (2022).

20



FIG. 1. Optical image and Raman spectroscopy of FePS3 inside a Diamond Anvil Cell at T

= 300K: (a) Optical micrograph in transmission mode of a typical exfoliated flake showing the

contrast variation with change in layer number (b) Micrograph of an exfoliated flake on diamond

culet: thin and thick areas are marked with red and blue circles (c) Transferred bulk sample inside

the loaded DAC marked with black circle. (d) Pressure dependent Raman spectroscopy at the

marked areas at T = 300K with Thin, Thick and Bulk FePS3 flake. P3, P4 and P5 blue shifts with

increasing pressure and finally metallises beyond 10 GPa. The black arrow indicates the evolution

of P∗. For the complete set of high pressure Raman spectra see Fig. S2.
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FIG. 2. Evolution of P3, P4 and P5 modes with different layer numbers: (a), (b) and (c) shows

change in peak positions of P3, P4 and P5 modes for Bulk, Thick and Thin samples respectively. The

slope change of the fitted lines indicates three pressure zones i.e. Low Pressure (LP), Intermediate

Pressure (IP) and High Pressure (HP) zone. P3, P4 and P5 changes slope at the onset of the IP

region and vanishes in the HP region. With decreasing number of layers, LP becomes narrower.
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FIG. 3. Computational calculations for monolayer FePS3: Top and side views of the optimized

structures of thin layer FePS3 at (a) P = 0 GPa, (b) P = 1.45 GPa, (c) Total density of states

(TDOS), (d) Localized density of states (LDOS) of Fe atom, (e-f) Projected density of states

(PDOS), (g-h) Simulated Raman spectra (red dotted encircled region indicates the generation of

new peak), (i) Blueshift in Raman Spectra of thin layer FePS3 at different pressures.
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FIG. 4. Experimental and computation Raman spectra: (a), (b) and (c) compares peak positions

of P4 and P5 at zero and spin crossover pressure at the onset of IP for the three samples. Both

the experimental and computational spectra agrees on the evolution of P∗ at the critical pressure.

Inset depicts the evolution of P∗ mode in both experimental and computational spectra for three

samples.

FIG. 5. Evolution of the P∗ mode and spin state transition from high spin (S = 2) to low spin (S =

0): For all three samples the P∗ mode emerges at a pressure above which the calculated magnetic

moment vanishes. The sharp spin state transition in bulk sample becomes gradual with decreasing

layer number.
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FIG. S1. Room temperature Raman spectra of the Bulk, Thick and Thin layer FePS3 on top of

the diamond.
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FIG. S2. Pressure dependent Raman Spectroscopy at room temperature: (a) Bulk, (b) Thick and

(c) Thin FePS3 flake. P3, P4 and P5 blue shift with increasing pressure and finally metallises

beyond 10 GPa. Black arrows indicate the evolution of P∗ mode.
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FIG. S3. Top and side views of the optimized structures of bulk FePS3 at (a) P = 0 GPa, (b) P =

10.80 GPa, (c) Total density of states (TDOS), (d) Localized density of states (LDOS) of Fe atom,

(e-f) Projected density of states (PDOS), (g-h) Simulated Raman spectra (red dotted encircled

region indicates the generation of new peaks), (i) Blueshift in Raman Spectra of bulk FePS3 at

different pressures.
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FIG. S4. Optimized structures of thick layer FePS3 at (a) P = 0 GPa, (b) P = 6.06 GPa, (c)

Total density of states (TDOS), (d) Localized density of states (LDOS) of Fe atom, (e-f) Projected

density of states (PDOS), (g-h) Simulated Raman spectra (red dotted encircled region indicates the

generation of new peak), (i) Blueshift in Raman Spectra of thick layer FePS3 at different pressures.
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FePS3 Pressure In-plane lattice Fe-Fe Fe-S P-P Magnetic

(GPa) parameters (Å) distance (Å) bond length (Å) bond length (Å) Moment

(µB/Fe atom)

Bulk 0 a = 5.88 3.40 2.50 2.20 3.34

b = 10.19

3.6 a = 5.73 3.30 2.41 2.18 2.75

b = 9.92

5.28 a = 5.67 3.28 2.40 2.17 2.69

b = 9.86

10.80 a = 5.65 3.26 2.24 2.17 0.00

b = 9.75

Thick 0 a = 5.88 3.40 2.50 2.19 3.34

b = 10.19

1.14 a = 5.85 3.34 2.41 2.19 2.19

b = 9.98

3.72 a = 5.84 3.29 2.40 2.18 1.65

b = 9.91

6.06 a = 5.70 3.27 2.21 2.17 0.00

b = 9.83

Thin 0 a = 5.88 3.41 2.51 2.20 3.35

b = 10.19

0.25 a = 5.84 3.39 2.34 2.19 0.83

b = 9.97

0.50 a = 5.78 3.31 2.31 2.15 0.06

b = 9.95

1.45 a = 5.72 3.30 2.28 2.14 0.00

b = 9.92

TABLE S1. Structural details and magnetic moment values of bulk, thick and thin layer FePS3
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FIG. S5. Macroscopic model of 2D layered vdW material experiencing anisotropic strain under

isotropic stress. Each sheet encounters same amount of force (F ) along the transverse direction.

The force (Feff ) acting along the stack will be equally distributed among all of the sheets ( FN , N is

the number of sheets). The out-of-plane strain will be thickness invariant, but the in-plane strain

( δll ) will be larger with fewer sheets.

FIG. S6. Optical micrograph of exfoliated layered FePS3: (a) on diamond culet, (b) zoomed image

of the same flake. Darker regions indicating more layer number, (c) the flake after loading the

gasket in the DAC.
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FIG. S7. Different exfoliation on Diamond: Thickness of layer estimated by optical microscopy

contrast in transmission mode and confirmed by intensity ratio of the P4 and P5 modes.
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