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The layered van der Waals antiferromagnetic FePS3 has received considerable attention because long range magnetic
ordering can remain with single atoms layer, which offers potential applications in future ultrathin devices. Here, we per-
form Raman spectroscopy to systematically explore the variations of lattice vibration and crystal structure under pressure
up to 18.9 GPa. We observe two structural phase transitions at approximately 4 GPa and 13 GPa, respectively. Moreover,
by monitoring spin-related Raman modes, we demonstrate a pressure-induced magnetic structure transition above 2 GPa.
These modes disappear accompanying the second structural phase transition and insulator-to-metal transition (IMT), indi-
cating the suppression of long-range magnetic ordering, in agreement with earlier neutron powder diffraction experiments.

Keywords: FePS3, layered magnetic materials, high pressure, Raman spectroscopy

PACS: 61.72.uj, 75.50.Ee, 62.50.—p, 63.20.—e

1. Introduction

Recent discoveries of magnetic two-dimensional (2D)
van der Waals (vdW) materials, which can stably retain long-
range magnetic ordering with a single atomic layer thickness,
provide rich opportunities for future novel devices and prob-

[1-141 Various 2D mag-

ing magnetic fundamental properties.
nets have recently been proposed, such as Cr,Ge;Teg, Crla,
and Fe3GeTe,.!'™* Transition metal phosphorus trisulfides
(TMPS3, TM = Fe, Ni, Mn, etc.) are an important family
of vdW layered antiferromagnetic materials exhibiting differ-
ent kinds of magnetically ordered states by altering the choice
of metal ion, which has been a versatile platform for investi-

[15-191 Ope such material,

gating low-dimensional magnetism.
FePS3, is a magnetic Mott insulator with a large spin (S = 2)
and has an Ising-type antiferromagnetic ordering down to the
monolayer limit with Ty ~ 118 K.[20-24]

Pressure has been proven to be an effective tool to tune
the structural, electronic, and magnetic properties of these 2D

(25-291 Earlier high-pressure x-ray experi-

magnetic materials.
ments suggested that there are three different phases with in-
creasing pressures up to 18.1 GPa.l?°! At ambient pressure,
FePS3 has a monoclinic lattice with space group C2/m, de-
noted as the low-pressure (LP) phase and shown in Fig. 1(a).
The first phase transition occurs at approximately 4 GPa, trans-
forming to high-pressure (HP) phase HP-I with a monoclinic
structure (C2/m). There is a visible difference between these
two phases in which the adjacent layers slide with each other,
causing a displacement of the unit cell along the a-axis and a

reduction in the f angle between the a and ¢ axes, as shown
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in Fig. 1 (from 107.34° to 89.33°). The second phase tran-
sition occurs at approximately 14 GPa, changing to high-
pressure phase HP-II with a trigonal structure (P-31m) in the

e.[28-311 Moreover, the

concomitance of the volume collaps
insulator-to-metal transition (IMT) occurs accompanying the
second transition with a reduction in the unit cell and the vdW
gap. (2326301 However, exactly determining the crystal struc-
ture at high pressure is always a challenge because of the inho-
mogeneous pressure distribution, multiple phase coexistence,
broadening of diffraction peaks, and so on. Thus, further in-
vestigations using other techniques are needed to verify the
structural evolution under pressure detected by x-ray diffrac-
tion.

In addition to the changes in the structural and electron
transitions, layered FePS; undergoes various magnetic order
transitions under pressure.>’?831 There is now increasing
controversy about the magnetic structure evolution with dif-
ferent views. Zhang et al.’'! used DFT +U calculations
to indicate that the FePS3;-C2/m LP phase and the FePSs-
C2/m HP-I phase are both in the zigzag antiferromagnetic (z-
AFM) state, whereas the FePS3;-P-31m HP-II phase is non-
magnetic (NM), suggesting a collapse of the Fe spin configu-
ration due to the spin-crossover transition from magnetic high-

28311 However,

spin (S = 2) to nonmagnetic low-spin (S = 0).!
Coak et al.?" used neutron powder diffraction to measure the
magnetic structure evolution up to 18.3 GPa at different tem-
peratures. The two different magnetic structures, which are
the overall antiferromagnetic structures within the ab planes,

switch at 2 GPa from the magnetic propagation vector and are
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altered from k = (0,1,1/2) to k = (0,1,0) with a halving of

(271 shown in supplementary infor-

the magnetic unit cell size,
mation Fig. S1. In addition, at high pressure, a suppression
of this long-range magnetic order due to the pressure-induced
increasing crystal field splitting energy A *! and appearance
of short-range magnetic order even existing above room tem-
perature were observed,?”) while earlier high-pressure x-ray
emission spectroscopy!?®! and related calculations reported a
nonmagnetic state (S = 0) via pressure-induced spin quench-
ing after the disappearance of the long-range magnetic order

in these TMPS; materials.[28-31-33]
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Fig. 1. Crystallographic structure of FePS3 in the low-pressure monoclinic
phase (LP, space group C2/m), intermediate pressure monoclinic phase (HP-
I, space group C2/m) and high-pressure trigonal phase (HP-II, space group
P-31m). Fe atoms are pictured in blue, P in purple, and S in yellow. Crys-
tallographic parameters are taken from earlier XRD experimental data for
FePS3; at 0, 10 GPa, and 18 GPa. The illustrations were created using
VESTA software. [2934]

To further clarify the effect of pressure on FePS3, we con-
ducted a systematic investigation of pressure dependent Ra-
man spectroscopy, which has been proven to be a powerful
tool to probe the crystalline structure and magnetic structure
changes in these 2D magnetic materials. >3 Here, our re-
sults verify two structural phase transitions and two magnetic
structure transitions with reference to earlier calculations and

experiments for various high-pressure phases. >3]

2. Experimental details

Commercially available high-quality single crystals of
FePS3 (purchased from Six Carbon Technology) were used
for Raman spectroscopy and high-pressure experiments. The
materials were synthesized using the chemical vapor transport
(CVT) method and checked by single crystal x-ray diffraction
(XRD).[?237:38] High-pressure Raman measurements were

performed up to 18.9 GPa at room temperature in a symmet-
ric diamond anvil cell (DAC) with 300 um culet-sized dia-
monds. The thin FePS; flake studied herein was prepared by
mechanical exfoliation and then loaded into the sample cham-
ber. Pressure was determined by measuring the shift in the flu-
orescence wavelength of ruby chips. Silicone oil was used as
the pressure transmitting medium (PTM). The Raman spectra
were recorded in a backscattering configuration with a 532 nm
excitation wavelength laser using a confocal microscope setup
with a 20x objective (N.A. = 0.25) and a triple grating Raman
spectrometer (1200 mm~! grating) coupled to a thermoelec-
trically cooled CCD detector. The appropriate laser power of
5 mW was chosen to improve the signal-to-noise ratio as well

as avoid an excessive heating effect.

3. Results and discussion

3.1. Crystal structure and Raman studies at ambient pres-
sure

The optical image of the single crystal sample of FePS3
is illustrated in Fig. 2(a). Bulk FePS3 at ambient pressure and
room temperature has a monoclinic structure with the space
group C2/m checked by single x-ray diffraction, in which the
number on the peaks corresponds to the (00/) index.!*! As
shown in Fig. 1(a), the crystal structure of FePS; at ambi-
ent pressure is composed of two-dimensional (2D) layers ex-
tended parallel to the ab plane and bonded by weak van der
Waals interactions along the ¢ axis, similar to other layered
materials, such as graphite and MoS,. For each layer, Fe
atoms are octahedrally coordinated with six S atoms, while P
atoms are tetrahedrally coordinated with three S atoms form-
ing a [PS3]?~ unit, which is further connected with another

unit forming a [P»Sg]*~ unit of a bipyramid shape. >34
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Fig. 2. (a) XRD patterns of single crystals of FePS3, corresponding to the
crystal plane of (00/). The inset shows a photograph of the FePS3; sam-
ple. (b) Raman spectroscopy of FePS3 single crystals at room temperature
(300 K) using a 532 nm excitation laser.

The primitive cell of bulk FePS; has 10 atoms in to-
tal (two FePS3 formula units), and it possesses 30 phonon
modes at the irreducible Brillouin zone center given by I" =
8Ag + 6Au+ 7Bg + 9Bu. 222440411 Based on the group anal-
ysis, the Raman active modes in FePS; are of Ag and Bg sym-
metry, and the corresponding Raman tensors are
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From the Raman spectra of the cleaved FePS3 sample in
Fig. 2(b), we can see that at ambient pressure, there are
six modes with green laser excitation (A = 532 nm). They
center at 106.2 cm™!, 158 cm™!, 223.7 ecm™!, 246.1 cm™!,
278.7 cm~! and 378.6 cm™!, identified as P;, i = 1,...,6 in
Fig. 2(b). The experimental observed mode frequencies are
summarized in Table 1 and are in good agreement with the ex-
perimental and theoretical results in the literature.>>-2* The
low-frequency modes P; and P, are from vibrations involv-
ing Fe atoms and have dramatic changes accompanying a sud-
den Raman intensity increase due to the onset of antiferro-
magnetic ordering.[*!#?] Interestingly, P; at room temperature
in the paramagnetic phase shows an asymmetric and broad
line shape, whereas four sharp peaks from P; emerge below
the Neel temperature. It can be understood in terms of zone
folding, which the in-plane unit cell doubles in size and the
first Brillouin zone is halved due to the onset of antiferromag-
netic ordering.!?>>*%3] We note that the line shape of P; is
almost unchanged by the variations in pressure shown in the
supplementary information Fig. S2; therefore, we applied the
one-Lorentzian peak fit for simplification. On the other hand,
the high-frequency modes P3—Pg, similar to the corresponding

modes for the various TMPS; materials, [33-36:40]

are mostly
ascribed to the molecular-like vibrations from the bipyramid

structures of the [P2Sg]*~ unit with a very small Fe ions con-

tribution.

Table 1. Raman frequencies (in cm™~!) for FePS; at different pressures.
The experimental Raman frequencies measured at ambient pressure and
related high-pressure Raman calculations (18 GPa) are listed for com-
parison.

P =0GPa (LP,C2/m) P =18.5 GPa (HP-IL, P-31m)

This work Exp.a) Mode | This work Calb Mode

106.2 98 Ag, Bg 81.2 - -

158.0 158  Ag,Bg 258.1 259 Eg

223.7 226  Ag,Bg 356.7 352 Eg

246.1 247 Ag 396.2 380,381 Eg, Alg

278.7 279  Ag Bg

378.6 380 Ag

aRef. [22]; P Ref. [30].

3.2. High-pressure Raman investigation

To investigate the pressure-driven phase transition in
FePS3, the Raman spectrum and phonon frequency change
of the thin flake sample were measured under pressures up to
18.5 GPa shown in Figs. 3(a) and 3(b).

3.2.1. Pressure-induced structural phase transition

In the low-pressure region (below 10 GPa), most of the
phonon frequencies exhibit varying degrees of blueshift due to
the usual pressure-induced volume contraction effect, whereas
the frequency of P remains almost unchanged, which we will
discuss its special pressure dependence later after obtaining
more detail of the structural information. We can identify
an obvious inflection point at 4 GPa, after which the shift of
linewidth decreases dramatically. Moreover, the full width at
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Fig. 3. (a) Pressure dependence of the Raman spectrum for the single crystal flake FePS3. (b) Pressure-dependent frequencies of several Raman
peaks using Lorentz fit. (c) FWHM of Pg and Pg under pressure. (d) 2D plot of the Raman intensity as a function of pressure and Raman shift.
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half maximum (FWHM) of Pg decreases at the same point, as
shown in Fig. 3(c). This special pressure is consistent with the
first phase transition point in the earlier high-pressure x-ray
experiment reported by Haines et al.[*’! To study the phase
transition of FePSj3 carefully, another sample was measured,
and the pressure-dependent phonon frequencies and 2D con-
tour under pressure are shown in Fig. 3(d) and supplementary
Fig. S3 (repeated experiment), respectively. Corresponding
abrupt changes of slope at 4 GPa are obviously seen when
we use the formula @, = wp + (dw/dp)p to linearly fit the
high frequency modes P4—P¢, which are mainly attributed to
molecular-like vibrations from the [P,Sg]*~ bipyramid struc-
ture as discussed above. More detailed information is shown in
supplementary information Table S1 and Figs. S4-S5. There-
fore, it is reasonable to expect that the [P2S¢]*~ unit has
two different pressure-dependent deformation models: below
4 GPa, the two units in adjacent layers are forced to slide with
respect to each other, leading to the two bipyramids directly
above one another; above 4 GPa, pressure-induced deforma-
tion of the P-S tetrahedron becomes more pronounced, espe-
cially the decreasing P—S distance along the c-axis, in which
the P and S atoms are almost in the same plane with the dis-
appearance of the bipyramid structure, as shown in Fig. 1(c).
Thus, our Raman results support that the HP-I phase has the
same monoclinic symmetry (C2/m) as the LP phase for the
first phase transition at 4 GPa.

At high pressure, P4 and Ps are relatively close to each
other and merge into one peak (P7), which is difficult to dis-
tinguish because of the weaker intensity and the broader line
width. A similar frequency anomaly is seen at the same pres-
sure point at 13 GPa. Moreover, we note that the Pg peak be-
comes an asymmetrical line shape above 10 GPa. We suspect
that the asymmetry is related to the phase transition in which
a new peak appears, resulting in a discontinuous phonon fre-
quency and dramatically broadening the linewidth when we
use a single peak to fit it. With further increasing pressure, an
abrupt change in the slope in the frequency occurs at 13 GPa.
Furthermore, in the phase transition, new Raman peaks grad-
ually develop, while some of the other peaks disappear. These
results indicate the coexistence of HP-I and HP-II between
10 GPa and 13 GPa.

To further identify the symmetry of the HP-II phase, the
Raman modes at 18.5 GPa are listed in Table 1 with refer-
ence to the earlier calculations based on trigonal symmetry

1301 For the HP-II phase in sup-

reported by Evarestov et al.
plementary information Figs. S6 and S7, there are four modes
(P7-P1o) at 18.5 GPa observed at approximately 81.2 cm™!,
258.1cm™!,356.7cm™!, and 396.2 cm™!, respectively, which
are in good agreement with earlier calculated phonon frequen-

cies, as shown in Table 1. Remarkably, we note the dramatic

reduction in the area and intensity of Raman modes, which
can be clearly observed in supplementary information Fig. S5
and Raman mapping Fig. 3(d). This intriguing result could be
due to the pressure-induced changes from insulating to metal-
lic band structures, in which metallization decreases the depth
of penetration for the laser. In summary, we have analyzed the
anomalistic phonon behavior around the second phase transi-
tion from monoclinic symmetry (C2/m) to trigonal symmetry
(P-31m).

3.2.2. Pressure-induced magnetic structure transition

After establishing the Raman signatures of the structural
phase transition and pressure, we next discuss the possible sce-
nario underlying the pressure-induced magnetic structure tran-
sition by analyzing the low-frequency peaks (P;, P, and Pj)
originating from vibrations including magnetic Fe ions.

Earlier works have established spin-dependent peaks, Py
and P, as indicators for an antiferromagnetic transition, as
we mentioned above. In addition, the spin-disorder-induced
mode P;, which has a mixed nature with components origi-
nating from the M and I points and appears without magnetic
ordering, is sensitive to spin structure but not as sensitive to lat-
tice vibration.[?224 Moreover, the weak interlayer interaction
has little effect on the antiferromagnetic ordering, in which
the Neel temperature remains almost unchanged to the mono-

t.[24] Therefore, these results likely explain the dif-

layer limi
ferent pressure-dependent frequency evolution, in which the
frequency of P, gradually upshifts while the frequency of P
is almost unchanged. Hence, spin-related, not lattice param-
eter sensitive Py has an advantage in exploring the magnetic
structure change under compression.

Here, we note the abnormal behavior of P; at approxi-
mately 2 GPa and 12 GPa. More details can be found in the
Raman intensity and area of the P; mode as a function of pres-
sure (Fig. 4). First, the largest value for the intensity and area
of fitting curve are observed and centered at 2 GPa. It is also
clear upon observing the brighter region of P; in the 2D map-
ping pattern, Fig. 3(d). The same result can be seen for a re-
peat experiment shown in supplementary information Fig. S3.
Moreover, the linewidth and intensity of this peak have been
significantly broadened and sharply decreased at high pressure
up to the coexistence of two phases until it disappears with P;.

(441 developed a general theory

Suzuki and Kamimura
of the spin-dependent phonon Raman scattering in magnetic
crystals as follows, I(T) = |R+ M (Sy- S;)/S?|?, where R
and M (S, - S})/S? represent the ordinary spin-independent
Raman tenor and spin-dependent term, respectively. And in
their categorization, FePS3 belongs to 0 < R/M. Scagliotti
et al.'”*!1 and Lee er al.”* applied this theory to the corre-
lation between the Raman intensity and magnetic transition

in FePS3. In the MnPS3, three magnetic phase transitions
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were also identified by Raman intensity.[*’] Pressure can ef-
fectively tune the nearest neighbor spin correlation function
(So-S1)/8?, and drives the magnetic phase transitions. As
we mentioned above, Pp, the spin-related mode, and its in-
tensity are key indicators for magnetic structure transition in
FePS3.[22’24’44J Therefore, the abnormal Raman intensity vari-
ation in our Raman experiments suggests that there are two
different magnetic structures that switch at 2 GPa, which is
in accordance with the earlier neutral diffraction experiments.
The magnetic phase transition is likely to be originated from
the pressure-driven halving of the magnetic unit cell size. "]
In addition, this mode is absent at high pressure, indicating
a large change in the Fe spin structure with suppression of
the long-range order, which is coincident with the structural
phase transition. It is worth noting that one new low-frequency
Raman mode gradually appears with increasing pressure, as
shown in supplementary information Figs. S6 and S7, which
may be related to the spin order on Fe ions. Detailed investiga-
tions of both in sifu high-pressure experiments and theoretical
calculations in the HP-II phase are needed in the future to re-
veal the origin of this Raman mode.
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Fig. 4. Pressure dependence of the FWHM, area and peak height of P;.

4. Conclusion and perspectives

In conclusion, the pressure-dependent Raman spec-
troscopy of thin flake single crystal FePS3 is measured to in-
vestigate the evolution of lattice vibration, structural phase
transition and magnetic structure transition. With increas-

ing pressure, two structural phase transitions are found: the

LP phase (C2/m) FePSs first transforms to the HP-I phase
(C2/m) at approximately 4 GPa distinguishing by two dif-
ferent pressure-dependent deformation models of the bipyra-
mid [P,Sg]*~ unit, then goes to the HP-II phase (P-31m) af-
ter undergoing the two phases coexisting approximately from
10 GPa to 13 GPa. The insulator-to-metal transition accom-
panying a collapse of the unit cell volume is identified by the
dramatic drop in Raman intensities. Moreover, by monitoring
the spin-related Raman peaks, we suggest that FePS3 exhibits
a magnetic structure transition at approximately 2 GPa and a
huge change in spin structure with the disappearance of these
Raman modes at the second phase transition. Thus, our work
motivates further systematic studies on 2D magnetic TMPS3,
which are significant for future ultrathin magnetic devices and
a fundamental understanding of magnetism.
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