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In spite of recent findings about the pressure-driven insulator-to-metal phase transition, and emerging
superconductivity of FePS; and FePSes, the knowledge about their atomic structures is still vague. Here, we
investigate the pressure-driven structural phase transitions of FePS; and FePSe; from O to 35 GPa by using
ab initio calculations. We find that the FePS;-C2/m B-I structure transforms to the FePS;-C2/m B-II phase at
about 5 GPa. Then above 17 GPa, the FePS;-P31m B-III phase becomes energetically favored. For FePSe;, with
increasing pressure, the FePSe;-R3 T-I phase transforms to the B-II phase at around 6 GPa and further to the
B-III phase at about 15 GPa. Our calculation results are consistent with experimentally observed high-pressure
induced cell volume collapse, spin crossovers, and insulator-metal transition in FePS; and FePSes, which shed
light on understanding the high-pressure physics and phase transitions of FePS; and FePSe;.
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I. INTRODUCTION

The transition metal phosphorous trichalcogenides MPX3
(where M = Mn, Fe, Ni, etc.,, and X =S, Se) are low-
dimensional layered compounds at ambient pressure [1-4].
Due to the weak van der Waals (vdW) interlayer interaction,
they are expected to be mechanically exfoliatable [3,5,6]. The
S and Se atomic layers stack in the C2/m and R3 space group,
respectively [7]. The transition metal atoms form a graphene-
type honeycomb lattice and are enclosed by six S or Se atoms
to form an octahedron. Historically, materials from the MPX3
family (especially FePS3 and NiPS3) serve as good candidates
for room temperature Li-based batteries [§—10]. Zhang and
co-workers recently proposed that monolayer MPX3, with
band gaps larger than 1.0 eV, are promising photocatalysts for
visible-light water splitting [11].

Besides its chemical and catalytic performances, the elec-
tronic, magnetic, and superconductive properties of both bulk
and single-layer MPX3; materials are getting more and more
research interest [12-25]. Bulk MPX; exhibits different kinds
of magnetically ordered insulating states. Recently, mono-
layer MPX3 was recognized to be one kind of two-dimensional
(2D) antiferromagnetic (AFM) material and exhibit valley-
dependent optical properties [26]. Transition metal elements
play important roles in determining their magnetic ground
states. Monolayer MnPS; and MnPSe; exhibit Néel antifer-
romagnetism [5], while NiPS; and CoPS; show zigzag anti-
ferromagnetism [21,27]. Chittari et al. found that the magnetic
phases of these compounds can be controlled through external
strains or by modifying the electric field [21]. Due to their rich
and interesting magnetic properties, the MPX3; compounds
are expected to be potentially used in spintronic [5,28] and
ultrathin magnetic device [15,18].
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We focus here on bulk FePX3; (X = S and Se), which ex-
hibits zigzag antiferromagnetism at ambient pressure. FePS3
has an Ising-type AFM structure, with a Néel temperature
Ty of 123 K [15]. The high-spin (S = 2) Fe2* moments of
FePX; are perpendicular to the ab planes. Both FePS; and
FePSe; are Mott insulators with a band gap of about 1.5 and
1.3 eV, respectively [3,11,29-31]. Wang et al. reported that
pressure simultaneously induces a semiconductor-to-metal
phase transition and a transition from high-spin (S = 2) to
low-spin (S = 0) state at about 13 GPa for FePS3 and 8 GPa
for FePSes, respectively [25]. More interestingly, supercon-
ductivity emerges in FePSe; along with this phase transition
with a transition temperature (7¢) ~ 2.5K at 9 GPa and the
maximum T¢ ~ 5.5K at about 30 GPa. Almost at the same
time, Haines et al. found that FePS3 undergoes an insulator-to-
metal phase transition under applied high pressure. The low-
pressure (LP) phase of FePS3 transforms to the high-pressure
(HP) phase HP I at approximately 4 GPa and continues to
transform to the HP II phase at around 14 GPa [29]. However,
despite these intriguing findings, the details about the high-
pressure structures and phase transitions of FePX; (X =S
and Se) are highly unknown. Two kinds of high-pressure
structures, HP I and HP II, of FePS; were proposed in order
to explain the pressure-dependent x-ray diffraction (XRD)
patterns [29]. However, it still lacks theoretical support, espe-
cially concerning the relative stabilities of related structures at
varying pressure. For FePSes, the high-pressure structures are
even less explored.

In this work, the pressure-driven structural transitions of
FePS; and FePSe; were studied by using ab initio calcu-
lations. The FePX; family has layered structures with the
similar intraplane atomic configurations and different stack-
ing modes. We investigate four kinds of structures for both
FePS; and FePSe; and study the relative stabilities of them
from O to 35 GPa. Density functional theory (DFT) +U
[32,33] calculations show that the FePS3;-C2/m B-1 phase

©2019 American Physical Society


http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.100.174102&domain=pdf&date_stamp=2019-11-04
https://doi.org/10.1103/PhysRevB.100.174102

ZHENG, JIANG, XUE, DAI, AND FENG

PHYSICAL REVIEW B 100, 174102 (2019)

and the FePS;-C2/m B-II phase are zigzag antiferromag-
netic (ZAFM) states, while the FePS3;-P31m B-III phase is
a nonmagnetic (NM) state. The pressure of phase transition
from the B-I phase to the B-II phase is located at approx-
imately 5 GPa. Upon further increase of pressure up to 17
GPa, the B-II phase is transformed to the B-III phase. For
FePSes, the phase at ambient pressure is different from that
of FePSs; it is named the R3 T-I phase. The first phase
transition from the FePSes;-R3 T-I phase to the B-II phase
occurs at approximately 6 GPa. Then at about 15 GPa, the B-1I
phase transforms to the B-III phase. The proposed structural
phase transition sequence well rationalizes experimentally
observed pressure-induced insulator-to-metal and high-to-low
spin transition, which presents a clear picture for the phase
diagram of FePS3 and FePSe; up to 35 GPa.

II. CALCULATION METHODS

The study on the phase transitions, electronic structures,
and magnetic properties of FePS; and FePSes, as here re-
ported, was carried out with the density functional theory
(DFT) method as implemented in the Vienna ab initio sim-
ulation package (VASP) [34,35]. The exchange correlation
energy is described by the generalized gradient approximation
(GGA) using the Perdew-Burke-Ernzerhof (PBE) functional
[36]. In order to describe correctly van der Waals interactions
resulting from dynamical correlations between fluctuating
charge distributions, the semiempirical DFT-D2 method of
Grimme was used [37,38]. The nonlocal van der Waals density
functional optB86b-vdW was also used to compare with DFT-
D2 [39]. The simplified (rotationally invariant) local spin
density approximation (LSDA)+U approach introduced by
Dudarev et al. was used to describe the correlation effects
on the localized d orbital of Fe atoms, where the Hubbard
effective potential U is 2.5 eV [21,33,40]. The influences of

choosing different effective U values and functionals on the
phase transition process and band gaps were carefully tested,
and are summarized in the Supplemental Material (SM) [41].
The I'-centered Monkhorst-Pack method with a k-point den-

sity of about 27 x 0.03 A anda plane-wave energy cutoff
of 500 eV were used. The convergence criteria for the total
energy were set to 107®eV. Atomic positions and lattice
constants of all structures were relaxed until the force was less
than 0.02 eV/ A. In order to accurately calculate the magnetic
property of the FePSe; — R3 T-I phase, a 2 x 1 x 2 supercell
was used. Phonon dispersions were computed based on the
finite-displacement approach as embedded in the PHONOPY
program [42]. A 2 x 1 x 2 supercell containing 80 atoms was
used for the B-I and B-II phases and a 2 x 2 x 2 supercell for
the B-III phase of FePSs. For the T-1, B-II, and B-III phases
of FePSes, 2 x 2 x 1,2 x 1 x 2,and 2 x 2 x 2 supercells
were used, respectively.

III. RESULTS AND DISCUSSION

As mentioned above, the atomic structures of FePS; and
FePSes at atmospheric pressure are already known. Although
their high-pressure structures are still unclear, two kinds of
candidate structures of FePS; (HP I and HP II) were proposed
to explain the high-pressure XRD patterns [29], while the
high-pressure structures of FePSe; are unknown. Based on the
ambient pressure structure of FePX; and two high-pressure
phases (HP I and HP II) proposed by Haines et al. [29], as
well as the similar intralayer structure and interlayer binding
nature of the FePX; family, we here investigated four kinds of
structures for both FePS; and FePSes; at different pressures
and renamed them as T-I (trilayer-I), B-I (bilayer-I), B-II
(bilayer-1II), and B-III (bilayer-III) structures, where B-II and
B-IIT correspond to HP I and HP II, as shown in Fig. 1
and, in the SM, Fig. S1 [41]. In Fig. 1(b) Fe?t forms a

FIG. 1. Crystal structures of FePS;. (a) Side views of T-I, B-I, B-II, and B-III phases. (b) Top views of these phases. Iron atoms form a
graphene-type honeycomb lattice and are enclosed by six sulfur atoms to form an octahedron. The example T-1, B-1, B-II, and B-III phases are
optimized under 0, 0, 10, and 20 GPa, respectively. The red spheres indicate iron atoms, the blue spheres indicate phosphorus atoms, and the

yellow spheres indicate sulfur atoms.
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FIG. 2. (a) Enthalpy difference curves (relative to the B-I struc-
tures) of the T-1, B-II, and B-III structures as a function of pressure.
The inset shows the phase transition from B-I phase to B-II phase
at low pressure. (b) Enthalpy difference curves of (relative to the T-I
structures) B-1, B-II, and B-III phases of FePSe;. The inset shows
enthalpy difference curves at low pressure. (c,d) The derived atom
volume values as a function of applied pressure for B-I, B-II, and
B-III phases of FePS; and for T-1, B-1I, and B-III phases of FePSes,
respectively.

perfect graphene-type honeycomb lattice, and each Fe atom
is enclosed by six S/Se atoms to form an octahedron. P atoms
are tetrahedral coordinated with three S/Se atoms. Intralayer
P-P pairs are in the center of the octahedron of the S/Se
sublattice, forming P,S¢/P>Seq bipyramid units. At ambient
pressure, the T-I and B-I phases of FePX; belong to the R3 and
C2/m symmetry groups, respectively, and exhibit ABCABC
and inclined AA stacking sequences, respectively. Two high-
pressure candidate phases, B-II and B-III, have C2/m and
P31m symmetries with the quasipositive AA and positive
AA stacking sequences. The B-III structure exhibits a shorter
interlayer distance than B-II, even forming interlayer P-P
bonds. Due to the high pressure, the B-III phase also shows
a staggered arrangement of S/Se atom in each layer.

The enthalpy (H) of all four phases of FePS; and FePSes
along with pressure are plotted in Fig. 2. The influence of
choosing different functionals and effective U values is shown
in Fig. S2 of the SM [41]. With the GGA exchange func-
tional, the first and second phase transition points of FePS;
are observed at about 4.5 and 20 GPa (Fig. S2 [41]), re-
spectively. When considering the interlayer vdW interactions
(PBE+D2), the B-I structure transforms to the B-II phase at
about 3.3 GPa (Fig. S2(b) [41]), and the B-II phase to the B-III
phase at around 17 GPa (Fig. S2(d) [41]).

Although the phase-transition pressures obtained with
these two exchange functionals (PBE and PBE+D?2) are close

to the experimental results [29], the magnetic properties of the
B-I and B-II structures fail to be correctively described due to
the correlation effects of the localized d orbital of iron atoms.
As show in Fig. S3 [41], for the PBE+4-D2 functional, the
B-I phase would transform from the ZAFM to the NM state
within its stable pressure range, while for the PBE4+D2+U
(2.5 eV) functional, the ZAFM state of the B-I phase is always
energetically favored within its stable pressure range, which
is consistent with the experiment [25]. Using the GGA plus
effective U to describe the associated electron-electron cor-
relation effect is an effective scheme. Therefore, we employ
the PBE+D2 method with the effective U value of 2.5 eV to
study the phase transition evolution and magnetic properties
of FePXj3. The results are shown in Fig. 2. The B-I phase of
FePS; is slightly more stable than the B-II phase at 0 GPa
with an enthalpy difference less than 3 meV /atom. Above 4.5
GPa, the B-II phase becomes energetically most favored; see
inset in Fig. 2(a). As the pressure increases, the FePS;-C2/m
B-1II phase transforms to the FePS;-P31m B-III phase at about
17 GPa. Within the pressure range of 0—20 GPa, the enthalpy
of the T-I phase is always higher than the most stable phases.
The above calculation results are close to the phase transitions
of about 4 and 13 GPa reported by Haines et al. [29]. The
dynamic stabilities of relevant structures are also confirmed
by phonon calculations. The calculated phonon dispersions
for the FePS3-C2/m B-1, FePS3-C2/m B-II, and FePS3-P31m
B-IIT phases are shown in Fig. S6 [41], which confirms that
the B-I, B-II, and B-III phases at 0, 10, and 20 GPa are dy-
namically stable, respectively. The corresponding vibrational
energies at 300 K will not affect the phase transition evolution
described above. In experiments, the first and second phase
transition points of FePS; occur at approximately 4 and
14 GPa, in good agreement with our simulation results. The
detailed discussions about the magnetic properties will be
described below.

For FePSes, as shown in Fig. 2(b), the FePSes;-R3 T-I
phase, instead of the B-I phase, is energetically most stable
at 0 GPa, which is also consistent with previous studies. With
the increase of pressure, the FePSe;-R3 T-1 phase transforms
to the B-II phase and further to the B-III phase at about 5.5 and
15 GPa, respectively. The FePSe;-C2/m B-I phase is always
unstable over the pressure range of 0-20 GPa. Again, to
verify the dynamic stability of these structures, we calculated
phonon dispersion curves for the T-1, B-II, and B-III phases
at 0, 10, and 18 GPa, respectively. These three phases are
all dynamically stable under the corresponding pressure, as
shown in Fig. S7 [41]. It should be noted that, although the
low-pressure structures of FePS; and FePSejs are different, the
high-pressure structure evolutions are similar.

Besides the phase transition pressure, we also investigated
the pressure versus cell volume relationships and compare
them with experimental observations. The simulation results
are shown in Figs. 2(c) and 2(d). Small cell volume decrease
(-0.78% at 5.5 GPa and —1.09% at 5 GPa for FePS; and
FePSes, respectively) can be seen first, which is attributed to
structural changes from the B-I phase to the B-II phase for
FePS; and the T-I phase to the B-II phase for FePSe;. The
B-II to B-III phase transitions at about 17 GPa (FePS3) and
15 GPa (FePSe3) all lead to a large volume collapses (13.19%
and 11.70%), which indicates these phase transitions are first
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order with substantial changes of the atomic arrangement. In
general, it is significant to have a volume collapse of more
than 9% during the phase transition of any other material
[43-46], and such large pressure-driven cell volume collapses
are thought to be driven by pressure-induced spin crossover
[23,25]. The variations in lattice parameters of FePS; as a
function of pressure are also shown in Fig. S8 [41]. The
dramatic decreases of ¢ during two phase transitions and of
b during the second phase transition indicate that volume
collapse occurs on both interlayer and intralayer.

We also investigated the influence of effective U on the
phase transition evolutions. The calculated enthalpy-pressure
curves of FePS; with different effective U values are shown
in Fig. S4 [41]. As the effective U increases, there is almost
no change in the first phase transition point of FePS;, but
an obvious change occurs in the second phase transition
point. When the effective U value is 3 eV, the second phase
transition point is postponed from the original 17 GPa to
about 21 GPa, and further to 30 GPa at U = 4eV. We also
employed different exchange-correlation functionals with the
same value of U = 2.5¢eV to calculate the enthalpy-pressure
relation for FePS3. The results are summarized in Fig. S5 [41].

As mentioned above, correctly dealing with the correlation
effects are the key to describing the magnetic properties of
FePX;. At ambient pressure, FePS; is a two-dimensional
Ising-type ZAFM phase. Spin moments are ordered ferro-
magnetically in chains along the a axis, but are in turn
antiferromagnetic with adjacent chains, thus reflecting the
overall antiferromagnetism. The magnetic structure of the
FePS;-C2/m B-I phase is shown in Fig. S9(a) [41]. When
the B-I phase transforms to the B-II phase, its magnetic
property is still ZAFM (Supplemental Fig. S9(b) [41]). The
distribution of the magnetic carriers in FePSejs is given in Fig.
S10 [41]. In order to present a complete magnetic sequence,
we build a 2 x 1 x 2 supercell of the FePSe;-R3 T-I phase.
We can find that each Fe*? ion of a single layer is coupled
antiferromagnetically with one of the three first neighbors,
and then ferromagnetically coupled with the remaining two.
When the T-I phase is translated to the B-II phase under
high pressure, similar to the case of FePS3, the B-II phase
still exhibits interlayer and intralayer ZAFM, as shown in
Fig. S10(c) [41]. The high-spin (S = 2) Fe>* moments of both
phases of FePS; and FePSe; are pointing normal to the ab
planes from previous studies [1,15,18,24].

The resultant evolution of the Fe’>™ magnetic moments
in FePS; and FePSe; with pressure is presented in Fig. 3.
At ambient pressure, the FePS;-C2/m B-I and FePSes-R3
T-I phases have a high-spin electronic configuration for Fe?*
with S = 2. As the pressure increases, the magnetic moments
decrease slightly until the applied pressure exceeds the B-II
to B-III structural transition point of FePSs (about 17 GPa)
and FePSe; (around 15 GPa), which is slightly higher than
~13 GPa for FePS; and ~8 GPa for FePSes reported in
the experiment [25]. More detailed data are shown in Tables
S1 and S2 in the Supplemental Material [41]. The magnetic
moments decrease to ~0 (S = 0) abruptly, indicating that spin
crossover leads to a complete collapse of the Fe?* moments
in both materials. Like the MnPX; system [23], the spin
crossover in FePXj3 is caused by a pure pressure effect. It
is well known that the competition between the crystal-field
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FIG. 3. The magnetic moment values of FePS; and FePSe; as a
function of pressure. Via pressure-driven spin crossover, FePS; and

FePSe; go from high-spin (S = 2) to low-spin (S = 0) states at about
17 and 15 GPa, respectively.

splitting energy A = 10Dq and the Hund’s intra-atomic d-d
exchange energy J determines the spin state of a transition
metal ion [47,48]. As a rule, external pressure hardly affects
the parameter J but will increase the splitting energy A value.
So, when the pressure is high enough, the A value will be
greater than the parameter J; thus the high-spin state of Fe?*
(S = 2) will transform to a low-spin state (S = 0).

Next, we further calculated electronic band structures of
all three phases of FePS; and FePSe; using the PBE+D2+4-U
(2.5 eV) method, which gives a more accurate gap. For
the first two structures of FePS; and FePSe; (zigzag anti-
ferromagnetic phases), the spin-up and spin-down magnetic
moments of Fe atoms are equivalent. Therefore, the energy
bands with the up and down spins are the same, as shown in
Fig. 4. The band gap of the FePS;-C2/m B-I phase is about
1.31 eV, which is an insulator, in agreement with a previous
study [3]. From the orbital projected density of states (see Fig.
S13 [41]), we can find that electronic states above the Fermi
level are mainly derived from the Fe 3d and S 3p orbitals;
below the Fermi level, they are mainly derived from the Fe
3d orbitals. For the FePS;-C2/m B-II phase [see Fig. 4(b)],
a 1.00-eV band gap at 10 GPa is observed, corresponding
to a semiconductor. Like the B-I phase, the bottoms of the
conduction bands are largely contributed by the Fe 3d and S
3p orbitals and the top of the valance bands mainly contain
the Fe 3d states. In Fig. 4(c), it can be found that the B-III
phase is a metal at 20 GPa. Near the Fermi level, it mainly
contains the Fe 3d and S 3p states. We also considered the
effect of different effective U values and exchange functionals
on the band structures of the B-I and B-II phases, which are
shown in Figs. S11 and S12 [41]. Similarly, for the FePSe;-R3
T-I phase [see Fig. 4(d)], a band gap of 1.24 eV suggests that
the T-I phase is an insulator at ambient pressure. When the T-I
phase transforms to the B-II phase, the band gap is reduced
to 0.72 eV at 10 GPa [Fig. 4(e)]. Then the band structure
of the B-III phase shows that it is a metal within its stable
pressure range, as shown in Fig. 4(f). The calculated electronic
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FIG. 4. Band structures along high-symmetry paths for (a) B-1, (b) B-II, and (c) B-III phases of FePS; and for (d) T-I, (e) B-II, and (f)
B-III phases of FePSe;. The top of the valence band is set to be zero in all plots. The band gaps of the B-I and B-II phases of FePS; are 1.31
and 1.00 eV, and of the T-I and B-II phases of FePSe; are 1.24 and 0.72 eV. The conduction bands of the B-III phase in both materials overlap
with the valence bands. Calculated band structures indicate that FePS; and FePSej; translate from insulator to metal under high pressure.

structure evolutions of FePS; and FePSes well rationalize the
observed insulator-to-metal transition in experiments.

IV. CONCLUSIONS

In summary, on the basis of ab initio (DFT+U) calcu-
lations, we studied the pressure-driven phase transitions of
FePS; and FePSes;. We found that for FePS3, the C2/m B-I
structure first transforms to the C2/m B-II phase at about
5 GPa, then goes to the P31m B-III phase at about 17 GPa,
while for FePSes, with increasing pressure, the R3 T-I phase
transforms to the B-II phase at around 6 GPa and further
to the B-III phase at about 15 GPa. The FePS;-C2/m B-
I phase and the FePS;-C2/m B-II phase exhibit interlayer
and intralayer zigzag-type antiferromagnetism, and the T-I
and B-II phases of FePSe; show similar magnetic properties.
The B-III structure in both materials is the NM state. These

results are consistent with experimentally observed pressure-
driven spin-crossover behavior. The calculated band structure
evolutions also rationalize the insulator-to-metal transition
from recent experiments. We believe this study can stimulate
more experimental studies about the high-pressure physics
and phase transition of FePXj3.
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