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Electronic phase transitions and superconductivity in ferroelectric Sn,P,Ses under pressure
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Given the strong electron-phonon coupling observed during both ferroelectric (FE) and superconducting (SC)
transitions, there is significant interest in investigating SC arising from FE instability. Sn,P,Seq has garnered
considerable attention due to its unique FE properties. Here, we report on the electronic phase transitions and
SC in this compound based on high-pressure electrical transport measurement, optical absorption spectroscopy,
and Raman-based structural analysis. Upon compression, the conductivity of Sn,P,Seq increased monotonously,
with an electronic phase transition occurring ~5.4 GPa, as evidenced by optical absorption spectroscopy. The
insulating state was fully suppressed ~15 GPa, coinciding with the onset of SC ~15.3 GPa. A zero-resistance
state was achieved from 19.4 GPa onwards, with SC exhibiting continuous enhancement under pressure. The
SC behavior was further confirmed by the magnetic field effect, and it exhibited a critical temperature (7)
of 5.4 K at 41.8 GPa and a zero-temperature upper critical field of 6.55 T. Raman spectra supported the
structural origin of the electronic transition ~5.4 GPa, indicative of a transition from the paraelectric (PE)
phase to the incommensurate phase—a distorted PE phase without symmetry change. Furthermore, a possible
first-order phase transition was suggested during the semiconductor-metal transition ~15 GPa. Comparison with
the high-pressure behavior of sister compounds Sn,P,S¢ and Pb,P, S, along with the low-temperature behavior
of Sn,P,Se¢ at ambient pressure, suggests that SC in Sn,P,Seg likely emerges in a FE or polar metal state. In this
paper, we highlight the versatile physical properties of FEs and motivate further investigation into the correlation

between FE instability and SC in the M,P, X, family.
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I. INTRODUCTION

Ferroelectric (FE) materials play a pivotal role in both
fundamental research and practical applications, with studies
dating back over a century [1]. Among the most prevalent
ferroelectrics are oxides such as BaTiO3, PbTiO3, and lead-
free niobates. Over time, advancements in characterization
techniques and theoretical modeling have significantly broad-
ened our understanding of FE. Today, FE behavior can be
elucidated using the formalism of quantum mechanical Berry
phases [1]. In certain magnetic compounds, FE can arise
from distinctive magnetic orderings, such as spiral spin or-
dering, and it can even coexist with ferromagnetic ordering
[2]. Beyond oxide FEs, a plethora of FE materials have
been discovered, ranging from metal chalcogenides [3,4] and
polymers [5,6] to metal-organic frameworks [7] and two-
dimensional bilayers with sliding behavior [8—10]. Benefiting
from the switchable polarization, FEs find applications in di-
verse fields including sensing, energy conversion, FE random
access memories, magnetoelectrics, and more.
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In most cases, FE states manifest in materials exhibiting
a band gap, as the presence of free electrons tends to screen
long-range Coulomb forces, thereby disinclining the forma-
tion of a polar state [11]. Through chemical composition
tuning or application of pressure, the paraelectric (PE)-to-FE
transition can be effectively controlled, with the possibility
of FE suppression leading to the emergence of a quantum
PE phase or FE quantum critical point [12—14]. Given the
strong electron-phonon coupling observed during the PE-
to-FE transition and in Bardeen-Cooper-Schrieffer (BCS)
superconductors, superconductivity (SC) may arise because
of FE instability. A notable example is the doped SrTiOs,
near its FE quantum critical point, the SC is found to be
mediated by the longitudinal hybrid-polar modes based on
recent high-pressure experiments [15], and it can be enhanced
by pressure-driven plastic deformation [16], which enhances
the soft polar fluctuations, albeit authors of previous studies
have suggested an unconventional SC mechanism [17]. Sim-
ilarly, electron doping can induce FE soft mode instability in
LaOBiS,, leading to the emergence of SC alongside a dis-
torted charge density wave [18]. Consequently, investigating
the underlying exotic physics of FEs under external stimuli
such as doping and pressure presents a compelling avenue of
research.

SnyP,Xg (X = S, Se) compounds have been identified as
FE materials [4,19,20]. For Sn,P,Sg, it is a room-temperature
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FIG. 1. The atomic structure of paraelectric phase (P2,/c) of
Sn,P,Ses and the sample loading in diamond anvil cell (DAC).
(a) The atomic structure of Sn,P,Ses under ambient conditions.
(b) Schematic representation of sample loading. (c) Photograph of
the sample inside the DAC.

FE material with TFF at ~337 K, while 7 reduces to
~193 K in Sn,P,Ses. Recent high-pressure investigations
have revealed that Sn,P,S¢ transforms from the PE phase
to a chiral P2; phase, exhibiting SC, likely associated with
the presence of a flat band in the chiral phase [21]. Though
Sn,P,Seg looks like its sister compound Sn;P,Sg, as Sn, PS¢
and Sn,P;,Seq share the same PE (P2;/c) [as seen in Fig. 1(a)]
and FE (Pc) structures, their PE-FE phase transition processes
differ. Specifically, Sn,P,Ses undergoes an intermediate in-
commensurate (IC) phase transition, situated between the
high-temperature PE phase and the low-temperature FE phase
[20]. This IC phase exhibits an isosymmetric structure of
the PE phase with a modulation wave vector q =~ 0.075—
0.085¢c* (where c* represents the reciprocal vector and is
temperature dependent) [22]. While the PE-FE transition in
Sn,P,S¢ is second order, it is first order in Sny;P,Seq during
the IC-FE transition [22]. Given these distinctions, we in-
vestigated the electronic behavior of Sn,P,Ses by means of
high-pressure transport, optical absorption, and Raman spec-
troscopies. SnpP,Segq underwent an electronic phase transition
~5.4 GPa, marked by a significant decrease in the optical
band gap, likely attributable to the PE-IC phase transition, as
indicated by the appearance of two new Raman modes in the
low wave number region. The optical band gap was estimated
to close ~15 GPa, and then SC emerged ~15.3 GPa, which
was enhanced with pressure monotonously, and the SC critical
temperature 7, increased from ~2.2 K at 15.3 GPa to 5.4 K
at 41.8 GPa. Meanwhile, Raman signal was still detectable
between ~15 and ~30 GPa, suggesting a possible first-order
phase transition when the SC was presented. This hypothesis
finds support in the distinct pressure-dependent behavior of
T, observed below and above 30 GPa. Considering the simi-
lar effects on lattice structure between cooling and pressure,
the phase transition under pressure may follow the sequence
observed during the cooling process at ambient pressure.

Consequently, the high-pressure phase may adopt a FE or
polar metal state, with a similar behavior potentially existing
in compressed Sn,P,S¢ [21]. In this paper, we elucidate the
rich phase transitions in FE Sn,P,Ses under pressure and
provide insights for future investigations into the correlation
between FE instability and SC in such FE materials.

II. EXPERIMENT

A. Single-crystal sample

The Sn,P,Ses single crystal was supplied by Sixcar-
bon Technology (Shenzhen, China) and synthesized through
chemical vapor transport reactions following procedures out-
lined in a previous study [23].

B. High-pressure electric transport measurements

The four-probe electrical resistance measurement was car-
ried out in a van der Pauw geometry under high pressure
up to ~43.5 GPa, and the experiment was conducted in a
commercial cryostat (Janis Research) from 1.7 to 300 K by
a Keithley 6221 current source and a 2182A nanovoltmeter
(the testing dc current ranged from 1077 to 10~ A, dependent
on the resistance of sample, the up limit of voltage is 1 eV,
and the resistance was obtained in a Delta mode). To generate
high pressure, two opposing anvils with 300 um culets were
placed in a BeCu alloy diamond anvil cell (DAC). A rhenium
gasket with a thickness of 250 um was compressed to ~40 wm
by the DAC, and a hole of ~240 um diameter was drilled
using a laser. Subsequently, the entire indentation region was
filled with a cBN-epoxy (15:1) mixture to efficiently avoid
short circuits. The cBN-epoxy mixture was then compressed
by the DAC to achieve a densified insulating layer. The re-
maining gasket region, which was not compressed by the
DAC, was insulated using common AB glue. A sample hole of
~100 um was drilled by laser, and then a thin flake sample was
loaded into the sample chamber, and a ruby ball was loaded
to serve as an internal pressure standard. KBr was used as
the pressure medium. Four Pt electrodes (4 um thick) were
manually placed and connected to the sample, welded directly
with Cu testing wires. To minimize pressure gradients of the
sample environment, a tiny sample with size of ~30 um (W)
x ~40 um (L) x ~5 wm (H) was cut from original bulk
crystal (previously verified by Raman spectroscopy to ensure
it is Sny;P,Seq) and positioned in the center of the sample
chamber. For illustration, a schematic of the DAC is provided
in Fig. 1(b), while a photograph of the sample within the DAC
is shown in Fig. 1(c). The raw resistance-temperature (R-7)
data obtained from these measurements were utilized in this
paper without any modifications.

C. High-pressure spectroscopy measurements

High-pressure Raman spectra were acquired utilizing a
Renishaw Micro-Raman spectroscopy system, which was out-
fitted with a second-harmonic Nd: YAG laser operating at
532 nm. To prevent sample overheating during measure-
ment, the laser power was maintained at a relatively low
level (1% of the laser power, ~3 mW), with the laser
power remaining constant throughout the experiment. For in
situ high-pressure UV-VIS-NIR absorption spectroscopy, a
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FIG. 2. Electrical transport properties of Sn,P,Ses under pres-
sure. (a) Resistance-temperature (R-7) curves from 1.8 to 300 K
under low pressure ranging from 5.5 to 14.8 GPa, indicating
semiconducting behavior. (b) R-T curves from 15.3 to 41.8 GPa,
highlighting superconducting (SC) transitions and the method used
to determine the critical temperature 7, (7.°"). (c) Zoom-in on the
low-temperature region of the R-T curve at 15.3 GPa. (d) Normalized
R-T curves at 6 K near the SC transition.

custom-designed spectroscopy system (Ideaoptics, Shanghai,
China) was employed. A bromine-tungsten lamp served as the
light source, spanning from 380 to 1700 nm. Our spectroscopy
setup included a NOVAZ2S highly sensitive spectrometer oper-
ating in the 360-930 nm range and a NIR-1700 spectrometer
operating in the 890-1700 nm range. In all spectroscopy
measurements, type Ila diamond anvils with low fluores-
cent signals were utilized, with KBr serving as the pressure
medium. Pressure was determined by observing the shift of
R1-R2 ruby fluorescence lines [24].

III. RESULTS AND DISCUSSION

The starting material, Sn,P,Seg is a semiconductor, and the
initial resistance exceeds the detection limit of the experimen-
tal setup. By applying pressure, we were able to commence
data collection for the R-T curve starting from ~5.5 GPa.
As illustrated in Fig. 2(a), at room temperature and 5.5 GPa,
the resistance of the sample measures in the range of sev-
eral thousand ohms, increasing by approximately three orders
of magnitude at ~75 K, indicative of an insulating ground
state. However, further compression results in an increase
in conductivity. The semiconductor behavior persists until
14.8 GPa, beyond which a slight decrease in resistance occurs
below 2.2 K at 15.3 GPa, as depicted in Figs. 2(b) and 2(c).
This characteristic drop in resistance signifies the onset of
SC transition, with this behavior becoming more pronounced
at higher pressures, culminating in a zero-resistance state
observed at 19.4 GPa. The SC transition temperatures (7)
shift to higher values as pressure increases, reaching 5.4 K
at 41.8 GPa, the highest pressure investigated in this paper.
To illustrate the trend of SC transitions clearly, the R-T curves
are normalized and presented in Fig. 2(d). It is noteworthy that
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FIG. 3. Magnetic field effect on the superconducting transition
in Sn,P,Seq at 41.8 GPa. (a) Resistance-temperature (R-7) curves
at various magnetic fields from O to 4.5 T. (b) Relationship between
upper critical field and temperature, along with the Ginzburg-Landau
(G-L) fitting, yielding a fitting goodness of R?> = 0.98.

T, exhibits rapid increases at low-pressure ranges and appears
to approach saturation ~40 GPa. Previous room-temperature
resistance measurements on Sn,P,Seg single crystal have also
indicated significant changes under high pressure. The initial
resistance of their sample was on a scale of ~10'°€2, decreas-
ing to only several ohms above 15 GPa [25]. This observed
change is largely consistent with our findings.

To further corroborate the SC behavior, the magnetic field
effect was investigated. The magnetic field was applied per-
pendicular to the layered structure of the original phase
(H Lbc plane), as seen in Fig. 1(a). The SC transition regions
under various fields are illustrated in Fig. 3(a). With increasing
magnetic field strength, SC gradually diminishes, indicated
by the shift of 7, toward lower temperatures. Notably, the
zero-resistance state is not observed at 4.5 T above 1.8 K.
Following the extraction of T, from the R-T curves, a relation-
ship between T, and the upper critical magnetic field puoH > (T)
was plotted, as seen in Fig. 3(b). To determine the upper
critical magnetic field at zero temperature (oH2(0), the rela-
tionship was fitted using the Ginzburg-Landau (G-L) equation
Ho(T) = Hop(O)[(1 — t2)/(1 + £2)] (where t = T/T,, T is the
temperature, and 7 is the SC critical temperature at zero field,
fixed at 5.4 K) [26]. This fitting yielded a value of poH.»(0)
~ 6.55 T, which is lower than the BCS weak-coupling Pauli
paramagnetic limit of poH, = 1.84T, ~ 9.9 Tfor T, = 5.4 K,
suggesting the absence of Pauli pair breaking [27].

To comprehend the electronic behavior prior to metal-
lization, we utilized UV-VIS-NIR spectroscopy to ascertain
the optical absorption edge and extract the optical band
gap. Given the insulating behavior of the sample and poor
conductivity under ambient conditions, electrical transport
measurements yield limited information about its electronic
structure. Figure 4(a) displays the optical absorption spectra
of SnyP,Se¢ single crystal under pressure. Near ambient con-
dition, Sn,P,Seq single crystal exhibits a distinct absorption
edge between 1.6 and 2.1 eV. By fitting the data with a Tauc
relationship in the form of (a * hv)'/? o (hv-E,) [28,29], the
optical band gap is determined to be ~1.3 eV for the ambient

214517-3



ZHANG, ZHONG, YU, YUE, AND HONG

PHYSICAL REVIEW B 109, 214517 (2024)

(@)

2:5

Absorbance (a.u.)

08 10 12 14 16 18 20
Energy (eV
(b) gy ( )1 :
1.4+ : P
® 0.8+
1.2+ s o5
= el
2 10} S o04f  F
< 08} 0.2 & am
g ~02evI 0.0
= 06f ’ 1.2 1.4 1.6 1.8 2.0
.9 Energe (eV)
& 04}
0.2
0.0 I 1 1
0 5 10 15 20
Pressure (GPa)

FIG. 4. The optical absorption spectra of Sn,P,Se¢ single crystal
under pressure. (a) The UV-VIS-NIR absorption spectra of Sn,P,Se¢
single crystal from 1.1 to 15.8 GPa. (b) The relation between fitted
optical band gap and pressure. Inset: The indirect band gap fitting
under ambient conditions (am) by using a Tauc relationship in form
of (& % hv)'/* oc (hv-E,).

sample, as shown in the inset of Fig. 4(b). This initial indirect
band gap is consistent with theoretical calculations [25]. Upon
compression, the absorption edge shifts toward lower energy
and broadens, making it difficult to discern the edge above
12.3 GPa. The band gaps at various pressures are depicted
in Fig. 4(b). As pressure increases, the band gaps exhibit a
monotonous decrease. At 1.1 GPa, the band gap reduces to
1.14 eV from the original 1.3 eV. Subsequently, the band gap
vs pressure demonstrates a negative linear relationship until
5.4 GPa, beyond which a significant drop occurs, with the
band gap decreasing to 0.33 eV at 10 GPa. Although deter-
mining the band gap becomes challenging from the broader
absorption edge at higher pressure ranges, an estimation can
still be made regarding when the sample may transition to a
metallic state by extrapolating the band gap—pressure curve
linearly. The critical pressure for band gap closure is ~15
GPa, a value that aligns well with the transport measurement.
Notably, the abrupt drop in band gap ~5.4 GPa signifies an
electronic phase transition and a potential structural phase
transition, which will be explored further in subsequent
discussions.

To investigate possible structural phase transitions, in situ
high-pressure Raman spectroscopy was employed, and the
results are presented in Fig. 5. Near ambient conditions

(0.8 GPa), several relatively strong Raman vibration modes
are observed, as depicted in Figs. 5(a) and 5(b), locating
at ~150 cm™' (147 and 153 cm™', A,), ~218 cm™! (the
strongest mode, A,), ~444 cm™! (A,/B,), ~456 cm™! (A,/B,),
and ~483 cm™! (A,/By), consistent with previous studies [25].
A diffusionlike background is observed close to the central
peak (0 cm™!) in the low-pressure range, and similar be-
havior was also reported in a previous Raman study [22].
The origin of this low-energy scattering background is cur-
rently unclear and may be attributed to possible short-range
ordering (or fluctuations) in the PE phase. Upon compres-
sion, all these modes shift toward higher frequencies, albeit
exhibiting different pressure dependencies to some extent,
as shown in Fig. 5(a). At the first glance, there is no clear
structural phase transitions up to ~30 GPa since all above
main Raman modes persist until ~30 GPa. However, Raman
peaks are suppressed above ~30 GPa, signaling a complete
metallization. The critical pressure for the complete metalliza-
tion aligns well with previous work [25], where the Raman
peaks disappeared above ~29 GPa. Further insights can be
gained by zooming into the low-wave-number region below
200 cm~'. As seen in Figs. 5(b) and 5(c), there are some
changes at low pressure which were not reported previously
[25]. The noisy peaks are marked in Fig. 5(c), and these peaks
come from the air and do not change with pressure [the back-
ground signal can also be well defined by the Raman spectrum
(below ~150 cm™') at 33.5 GPa, as seen in Fig. 5(b)]. In
Fig. 5(c), one clear feature is the intensity drop ~60 and ~150
cm~! at ~5 GPa. Another peak appears above ~5.6 GPa at
~128 cm™!, as indicated by the green arrow in Fig. 5(c), and
another mode ~112 cm™~! is also presented above 6.5 GPa, as
indicated by the gray arrow. The Raman change ~5.6 GPa
is consistent with the optical absorption results, in which
a drop of band gap is presented. Hence, there should be a
local structural change which results in the electronic phase
transition ~5.4 GPa. Furthermore, the pristine doublet peaks
~150 cm~! merge into one peak ~9.7 GPa (indicated by the
pink arrow), and this mode shifts to ~175 cm~! at ~15 GPa.
However, the intensity of this peak decreases quickly above
~15 GPa (indicated by the white arrow) and becomes broader
and broader. The intensity drop and peak broadening are also
consistent with previous findings [25]. The modes ~150 cm™!
correspond to the internal Se-P-Se vibration modes in the
(PSe3)?” units [22,30,31]. Generally, (PSe3)>” units are re-
garded as rigid bodies. However, under pressure, the intralayer
and/or interlayer (PSe3)> units will connect with each other
gradually, which causes the electron overlap (bonding) and
metallization finally. Therefore, the broadening of this mode
suggests the instability of (PSe3)*> " units due to the enhanced
intermolecular interaction. It is worth noting that authors
of previous work suggested a splitting ~150 cm~! above
11.6 GPa [25]. However, by comparing data quality, we be-
lieve their assertion may not be accurate, as their Raman
signal was truncated ~150 cm™!, making it difficult to dis-
tinguish the sample signal from the noisy background. The
evolution of Raman modes under pressure is displayed in
Fig. 5(d).

Considering the similar effects of temperature cooling and
pressure (both shorten atomic-atomic distances and shrink
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FIG. 5. The Raman spectra evolution with pressure in Sn,P,Seq sing

le crystal. (a) Contour plot and (b) linear plot of the Raman spectra

up to 33.5 GPa. (c) Zoomed-in region of Raman spectra at low wave numbers up to 20 GPa, with vertical dash lines indicating positions

of background noisy peaks that remain constant with pressure. Arrows

mark changes in Raman spectra. (d) Relationship between various

Raman modes and pressure, proposing four regions for guidance. (¢) Raman spectra collected during the decompression process, revealing a

recoverable phase transition below ~20.7 GPa.

the lattice), the phase transition ~5.6 GPa could signify a
transition to a low-temperature phase of Sn,P,Seg. During
this transition, in addition to the change in Raman intensity,
the significant difference lies in the presence of two additional
modes ~128.8 and 112.2 cm™!. Under ambient pressure, pris-
tine Sny,P,Seg undergoes a phase transition from the PE to
the IC phase before transforming to the FE phase Pc. This
transition is an isosymmetric transition occurring at 221 K;
both phases are in the form of a P2;/c structure, and it is
a second-order phase transition, signaled by two additional
modes located at 124 cm™! (A,) and 107 cm™! (A,/B,) [22].
Accounting for the pressure-induced Raman shift, the two
additional modes ~128.8 and 112.2 cm™! at 5.6 and 6.5 GPa
likely originate from the modes at 124 and 107 cm™! in the
IC phase at 220 K. Hence, Sn,P,Se¢ could transform from
the PE to the IC phase above ~5.6 GPa at room temperature.
Additionally, authors of an earlier study indicated a suppres-
sion of the IC and FE phases under external pressure [32],

seemingly conflicting with our findings. However, this dif-
ference may stem from the instability of the PE phase itself
under higher pressure. According to previous research [32],
the phase transition temperature (7;) of the PE-IC transition
declines quickly with pressure; it probably reaches 0 K at
only ~1.5 GPa by extrapolating the P-T; relation linearly,
and then the sample is in the PE phase from 0 to 300 K.
Under higher pressure, the PE phase is no longer stable; on the
contrary, the IC phase is perhaps favored by pressure. Given
that SC is observed starting from 15.3 GPa while clear Raman
signals are still collected, this behavior is typically associated
with a mixture of phases during a first-order structural phase
transition [33]. In other words, there could be a wide pressure
window from ~15 to ~30 GPa during which the Sn,P,Seq
sample undergoes a structural phase transition process: one
phase remains the IC phase in an insulating/semiconducting
state, while the other phase exhibits metallic and SC behav-
ior. Such a first-order phase transition may align with the
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first-order IC-FE phase transition in the Sn,P,Seq sample at
low temperature and ambient pressure. Therefore, it is plau-
sible that Sn,P,Ses adopts a FE metal state at high pressure
when the SC occurs. The characteristic of the first-order tran-
sition is further confirmed by the Raman spectra collected
during the decompression process. As shown in Fig. 5(e),
the Raman signal recovers below ~20.7 GPa, significantly
lower than the critical pressure of ~30 GPa observed dur-
ing the compression process. This observation also rules out
the possibility of pressure-induced disproportionation and Se
element-contributed SC, considering that Sn,P,Se¢ exhibits a
similar 7, to the Se element [34].

Compared with the high-pressure behavior in its sister
compound Sn,P;,S¢, some similarities emerge as well. There
is an electronic phase transition in the PE phase (P2;/c) of
Sn,;P,S¢, and the critical pressure is ~15 GPa, as revealed
by the optical absorption results [21]. Meanwhile, the lattice
parameters of the P2;/c phase also show some changes with
pressure: the B angle of the monoclinic structure exhibits a
dip ~15 GPa, while the lattice parameter a/b ratio shows
a peak ~15 GPa [21]. These changes can be regarded as
the features of an isostructure phase transition. Further com-
pression leads Sn,P,S¢ to transform into a chiral P2; phase,
which hosts a polar structure, potentially resulting in a FE
state [35]. Hence, it is possible that Sn,P,Seq has a similar
phase transition sequence to Sny;P,S¢, and Sn,P,Seq could
show SC in a polar metal state (or even in a FE metal state).
Another sister compound Pb,P,S¢ also has the same PE phase
as SnyP,Se¢ at room temperature. Authors of a recent high-
pressure study have demonstrated that Pb,P,S¢ undergoes the
insulator-metal and SC transitions above ~39 GPa, while re-
maining in its original phase without any phase transition [36].
This distinct behavior likely stems from the stable quantum
PE behavior in Pb,P,S¢ [37,38]. The SC in Pb,P,S¢ could
have a similar mechanism to that in quantum PE SrTiO5 [17].
Further synchrotron x-ray diffraction experiments under high
pressure are required to elucidate the detailed lattice structures
and underlying mechanisms of SC in Sn,P,Ses.

Based on the electrical transport measurement, optical
absorption, and Raman spectra, we propose a concise elec-
tronic phase diagram for Sn,P,Se¢, as displayed in Fig. 6.
At pressure lower than ~5.4 GPa, the sample is in a Semi-I
state, maintaining the original monoclinic P2;/c structure.
Between ~5.4 and ~15 GPa, the sample likely transitions
to the IC phase due to changes in the local atomic environ-
ment, accompanied by an electronic phase transition. Near
15 GPa, the phonon mode ~175 cm~! of the sample be-
gins to exhibit features of instability, the sample undergoes
an insulator-metal transition, and shows SC transition below
2.2 K. Subsequently, the conductivity of the sample further
improves, and SC is enhanced, as evidenced by the rapid
increase in 7, values. Between ~15 and ~30 GPa, Raman
signals are still detectable despite the sample already be-
coming SC at low temperatures. The sample may undergo a
first-order structural phase transition in this pressure range.
Above 30 GPa, T, continues to increase with pressure, albeit at
a slower rate. This behavior is also consistent with the Raman
results, which shows that the sample experienced a complete
metallization ~30 GPa, indicated by the disappearance of
Raman signal. A detailed structural study is still necessary to
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FIG. 6. Proposed electronic phase diagram for Sn,P,Se¢ under
high pressure. Semi: semiconductor.

elucidate the accurate lattice structures and their evolution un-
der high pressure by using the synchrotron x-ray diffraction.

IV. CONCLUSIONS

In summary, we report the SC and electronic behavior
of the classic FE material SnyP,Ses under pressure, uti-
lizing a combination of electrical transport measurement,
optical absorption, and Raman spectroscopy. At low pressure
(<15.3 GPa), Sn,P,Seq exhibits insulating/semiconducting
behavior. Subsequently, SC transition emerges at 15.3 GPa
and is enhanced with further compression. The critical tem-
perature (7;) reaches 5.4 K at 41.8 GPa, and although the
pressure-dependent increasing rate slows beyond 30 GPa, T
remains unsaturated. Optical absorption reveals an electronic
phase transition ~5.4 GPa, confirmed by Raman results in-
dicating its structural origin, likely due to the PE-IC phase
transition. It is noteworthy that Raman signals persist up to
30 GPa despite the sample transitioning to a SC state above
15.3 GPa, suggesting a potential first-order structural phase
transition between 15.3 and 30 GPa. The emergence of SC in
Sn,P,Seq likely occurs in a FE/polar metal state, indicating
its potential as a FE SC. In this paper, we show that Sn,P,Seq
is sensitive to external pressure, and there are multiple phase
transitions which determine the FE insulating state, metallic
state (possible polar metal state), and even SC state. It in-
spires future comprehensive investigations into the correlation
among FE/polar states, local structure, and SC.
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