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Pressure-induced superconductivity in the metal thiophosphate Pb,P,S¢
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We report on the pressure-tuning of the physical properties of a metal thiophosphate Pb,P,Ss. Resistance
measurements evidence a semiconducting-to-metallic transition at around 39 GPa and immediate emergence of
superconductivity. The superconducting critical temperature 7¢c monotonously increases from 3.2 to 5.1 K until
the highest studied pressure 54 GPa. Over the whole pressure range, the pristine monoclinic lattice symmetry is

not changed. Moreover, the resonance Raman scattering is observed in the range of 8—12 GPa depending on the
excitation energy used. These findings establish Pb,P,S¢ as a new platform to explore intrinsic metallization and
superconductivity, which may promote developments of relevant applications.
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I. INTRODUCTION

The metal phosphates M,P,Xs (M represents a metal, and
X =S, Se) have stimulated both fundamental and applied
interest [1-9]. These compounds are chemically robust semi-
conductors with a wide band gap in excess of 1.0eV [4,10,11].
Depending on the cation M, the crystal structures of these
materials can be categorized into two classes, namely the
layered two-dimensional (2D) monoclinic structure where M
denotes 3d transition metals such as Fe, Ni, or Mn [12,13]
and the 3D monoclinic structure where M denotes Sn or Pb
[11,14]. Among them, the 2D members exhibit rich magnetic
properties which are benefit for applications in spintronic
and magnetic devices [15-20]. Besides, the layered struc-
ture also allows to accommodate extrinsic intercalated species
with potential applications as field effect transistors, UV pho-
todetectors, and photocatalysts for water splitting [9,21-23].
Whereas the 3D members possess advanced optical character-
istics and pronounced ferroelectric properties, and thus offer
wide application prospects in optoelectronics, photocatalysis
as well as tunable capacitances [6,7,11,24-27].

Fundamentally, rich physics including Mott insulator-
to-metal transition, spin crossover, and complex structural
transition can occur in these compounds when the hosting
lattice is tuned by applied pressure [13,28-36]. In FePSejs, for
example, when a 2D to 3D structural transition is driven by an
applied pressure of ~9.0 GPa, the magnetic moments van-
ish and simultaneously superconductivity develops [13,35].
For Pb,P,S¢ which has a 3D phosphate structure, high-
pressure Raman experiments revealed unusual enhancements
of spectral intensity below 20 GPa for unknow reasons and
discontinuous frequency jumps above 20 GPa likely due to
changes of the crystal structure [37]. Density functional theory
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calculations predicted a metallization of the system at 65 GPa,
but no transport measruements were preformed at such high
pressures and at cryogenic temperatures [37].

In this paper, we grew high-quality single crystalline sam-
ple of Pb,P,S¢ and performed comprehensive high-pressure
electrical resistance, x-ray diffraction (XRD), and Raman
measurements to investigate the pressure evolution of elec-
tronic and structural properties. We find no signature of
structural transition below ~55 GPa by XRD and Raman
measurements. Upon compression, Pb,P,S¢ undergoes a
semiconducting-to-metallic transition at ~39 GPa and imme-
diately superconductivity with critical temperature 7 of 3.2 K
is observed. Further compression results in a monotonous in-
crease of T¢ to 5.1 K at 54.0 GPa. Resonance Raman intensity
enhancements are also observed and discussed.

II. EXPERIMENTAL AND CALCULATION METHODS

Single crystals of Pb,P,Ss were synthesized via the chem-
ical vapor transport technique with iodine as a transport agent
[8]. A stoichiometric amount of high-purity elemental pow-
ders (mole ratio Pb: P: S = 1: 1: 3, around 1 g in total) and
iodine (about 10 mg) were sealed into a vacuum quartz tube.
The tube was placed in a two-zone furnace with a temperature
gradient from 700 °C to 600 °C for 6 days. Single crystals
with millimeter size have been collected at the cold end of the
quartz tube, as shown in the inset of Fig. 1(a). The XRD of
the samples at ambient pressure was measured in a Rigaku
x-ray diffractometer with Cu Ko radiation of wavelength
A = 1.5406 A. The atomic proportion of the crystals crystal
was characterized by energy dispersive x-ray spectroscopy
(EDXS) with the area and point scanning modes.

High-pressure electrical transport experiments were car-
ried out in a nonmagnetic Be-Cu diamond-anvil cell with
a pair of anvil culets of 300 um. The four-probe method
was applied on a piece of single crystal with dimensions of

©2023 American Physical Society
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FIG. 1. (a) XRD pattern for a Pb,P,S single crystal. Inset: an
optic image of the single crystal. (b) Energy-dispersive x-ray spec-
troscopy and (c¢) Raman spectrum for the Pb,P,Se single crystal.

80 x 70 x 10um? to collect the low-temperature resistance
measurements in an in-house 9-T transport property mea-
surement system. High-pressure angle-dispersive synchrotron
XRD and Raman scattering measurements were performed
in symmetric diamond anvil cells with Daphne 7373 as the
transmitting medium. Synchrotron XRD experiments were
conducted with powdered crystals at beamline BL15U1 of
the Shanghai Synchrotron Radiation Facility (A = 0.6199 A).
The DIOPTAS [38] program was employed for image integra-
tions and the XRD patterns were fitted by using the RIETICA
program with the LeBail method [39]. The Raman spectra
were recorded with cleaved single-crystal flakes by using a
commercial Renishaw Raman spectrometer (laser excitation
wavelength A = 532 and 633 nm). Pressure was applied at
room temperature and calibrated by using the Ruby lumines-
cence method in all high-pressure experiments [40].

Single point energy and Hellmann-Feynman force under
pressure were calculated by using the Vienna ab initio
Simulation Package (VASP) [41,42] within the framework of

generalized  gradient approximation (Perdew-Burke-
Ernzerhof exchange functional) [43]. The ion-electron
interaction was modeled by the projector augmented wave
method [44,45] with a uniform energy cutoff of 340 eV.
Spacing between k points was 0.015A~!. The geometry
structures were optimized by employing the conjugate
gradient technique, and in the final geometry, no force on
the atoms exceeded 0.001eV/A. The phonon vibrational
spectrum is investigated by using the finite displacement
method implemented in the PHONOPY package [46].

III. RESULTS AND DISCUSSION

The as-grown Pb,P,S¢ single crystals were characterized
by XRD, EDXS, and Raman spectrum. As shown in the inset
of Fig. 1(a), the Pb,P,S¢ single crystal is transparent yellow,
which reflects the large band gap of ~2.6 eV [8,11]. The
single-crystal XRD pattern displayed in Fig. 1(a) contains
only (/00) peaks, indicating that the bc plane is a natural
cleavage facet. The EDXS in Fig. 1(b) yields an actual chem-
ical composition of Pb; gP,Sg 3 for the single crystals, which
is very close to the stoichiometry. The Raman spectrum col-
lected on the Pb,P,S¢ single crystal given in Fig. 1(c) shows
19 observable Raman modes in the range of 20-800cm™!.
All of the Raman modes are consistent with those in previous
reports [37,47]. These results indicate the high quality of the
single crystals.

We performed high-pressure resistance measurements on
a PbyP,S¢ single crystal to investigate the pressure evolution
of the electronic properties. Figure 2 depicts the temperature-
dependent resistance curves R(T) of the sample at different
pressures. At initial pressures, the extremely large resistance
arising from the wide band gap of ~ 2.6 eV exceeds the
measuring range of our instrument (<10% Q) [8,11]. When
pressure is increased to 23.3 GPa, the room temperature
resistance becomes measurable as ~10° Q. Upon cooling
the resistance increases, characterizing a semiconducting be-
havior. As pressure is raised, the magnitude of the whole
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FIG. 3. Magnetic field evolution of the resistive superconducting transition measured at selected pressures of (a) 45.8 GPa, and (b) 54.0
GPa. (c) Temperature-dependent upper critical field woH.,(T) extracted from the data in (a) and (b). For determination of the superconducting
critical temperature, 7.”°% where resistance drops to 90% of the normal-state resistance are used. The solid lines correspond to the fitting to the

Werthamer-Helfand-Hohenberg (WHH) model [48].

R(T) curve is dramatically suppressed. When pressure reaches
39.4 GPa, the semiconducting behavior is replaced by a metal-
lic behavior, namely the resistance decreases upon cooling.
Interestingly, the occurrence of metallization is accompanied
by a resistance drop below ~3.2 K, as is shown in the inset
of Fig. 2(b). For a higher pressure of 45.8 GPa, the resis-
tance vanishes completely below 1.9 K which characterizes
presence of superconductivity. As pressure is further raised,
both the onset temperature of the superconducting transi-
tion, 7.°"¢ and the zero-resistance temperature 7.”°™ display
monotonous increments until the highest studied pressure of
54.0 GPa.

Figures 3(a) and 3(b) present the magnetic field evolution
of the low-temperature R(7T) curves for selected pressures
of 45.8 GPa, and 54.0 GPa. It can be seen that as the
magnetic field increases the zero-resistance state is gradu-
ally suppressed, which further proves that the zero-resistance
state arises from superconductivity. The upper critical field
noH., as a function of critical temperature TfO% is shown in
Fig. 3(c). By fitting the data to the Werthamer-Helfand-
Hohenberg (WHH) model [48], the zerotemperature limit of
upper critical magnetic field uoH.(0) are estimated to be
29 T and 3.5 T, respectively for 45.8 GPa and 54.0 GPa.
Both values are much lower than the corresponding Pauli limit
field woH:»(0) = 1.84 T, indicating the absence of Pauli pair
breaking [49].

In order to uncover the underlying structural evolution,
we carried out high-pressure synchrotron XRD and Raman
scattering measurements at pressures up to 55.9 GPa. Fig-
ure 4(a) presents the representative XRD patterns measured
at different pressures on powdered Pb,P,S¢ crystals. At ini-
tial pressure 0.8 GPa, the XRD pattern can be well indexed
by the monoclinic structure with space group P2;/c (No.
14), which is exactly the same as that at ambient pressure.
With increasing pressure, all the diffraction peaks shift to a
higher angle, which corresponds to a continuous shrinkage
of the lattice under pressure. Over the whole pressure range,

no new Bragg peaks appear and all the XRD patterns can
be well fitted with the P2;/c phase. Typical analysis of the
XRD patterns at 0.8, 15.7, 30.8, and 49.6 GPa are shown in
Supplemental Material Fig. S1 [50]. These results prove that
no structural transition occurs below 55.9 GPa in Pb,P,Se.
The pressure dependences of lattice parameters a, b, ¢, and
unit-cell volume V determined by fittings are presented in
Figs. 4(b) and 4(c). All these parameters decline continuously
with increasing pressure. The unit-cell volume V as a function
of pressure can be fitted by the third-order Birch-Murnaghan
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FIG. 4. (a) Synchrotron x-ray diffraction (XRD) patterns un-
der pressures up to 55.9 GPa, which were measured on powdered
Pb,P,S¢ crystals at room temperature. For 0.8 GPa, the red
line presents the fitting to the data and the blue vertical bars
indicate the diffraction peak positions. (b) Pressure dependences of
lattice parameters a, b, and c. (c) Pressure dependence of the lattice
volume V. The solid red line represents the fitting curve based on the
third-order Birch-Murnaghan equation of state.
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FIG. 5. Raman spectra (Run 1) measured on the Pb,P,S¢ single crystal (a) from 0.2 to 16.7 GPa and (b) from 16.7 to 49.5 GPa. The
measurements were performed with a laser wavelength of A = 532 nm (or laser energy 2.33 eV) at room temperature. (c) Pressure-dependent

Raman shifts for all the detected modes.

equation of state [51], as indicated by the solid red line in
Fig. 4(c). The fitting yields the ambient pressure volume
Vo = 449.3 £4.7 A3, bulk modulus By = 624 6 GPa, and
the first-order derivative of the bulk modulus at zero pressure
Bj, = 4.3 £0.3. Moreover, we performed theoretical calcula-
tions on the phonon spectrum of pressurized Pb,P,S¢ at 0 and
55 GPa. As shown in Supplemental Material Fig. S2 [50],
the calculated phonon spectra are stable without imaginary
frequency, indicating that Pb,P,S¢ is dynamically stable in the
monoclinic structure up to 50 GPa. These results indicate no
structure phase transition under pressure, thus ruling out the
structural origin of the pressure-induced superconductivity in
Pb,P,Se.

Figures 5(a) and 5(b) present the high-pressure Raman
spectra of the Pb,P,S¢ single crystal measured with excitation
wavelength of 532 nm (Run 1). At 0.2 GPa, the Raman spec-
trum is consistent with that measured at ambient condition,
as is shown in Fig. 1(c). By using Lorenz fitting to the data,
the Raman shifts are extracted and plotted as functions of
pressure in Fig. 5(c).With increasing pressure, all the modes
continuously shift towards higher wavenumber, indicative of
strengthening of the corresponding bonds. In agreement with
the XRD results, no new Raman mode is detected below
39.6 GPa, providing additional evidence for the absence of
structural transition in Pb,P,S¢. For higher pressures, the Ra-
man signals rapidly disappear. Since no structural transition
is involved, the loss of Raman signals could be ascribed to
the metallization of the sample [37,52]. In fact, as is revealed
by the transport measurements, the metallization of the sam-
ple takes place at almost the same pressure of 39.4 GPa. In
addition, in order to confirm the observation of continuous
evolution of Raman modes with pressure, we have further car-
ried out an independent run of high-pressure Raman scattering
measurement, which is referred to as “Run 2”. Figures S3(a)
and S3(b) display the Raman spectra at pressures ranging from

0.5 to 45.5 GPa for Run 2. In this run, the disappearance of
Raman signals and the continuous evolution of Raman modes
were reproducible.

It is noticed that the Raman spectral intensity for most
of the detected modes exhibit an unusual enhancement with
increasing pressure below 8.4 GPa, whereas further compres-
sion causes suppression effects. To show this feature more
clearly, the pressure dependence of the Raman spectral inten-
sity for a typical mode (e.g. the strongest mode at 382 cm™')
is illustrated in Fig. S5(b). Generally, an enhancement of
Raman spectral intensity may have different origins such as
(i) structural phase transitions, (ii) depolarization effect,
and/or (iii) resonance Raman scattering effect [53-56]. Ac-
cording to the XRD and Raman evidences shown above, the
possibility of a structural transition as an origin can be firstly
ruled out. Secondly, if depolarization effect is the orgin, then
the depolarization ratio between the perpendicular and par-
allel components of the Raman intensity should also exhibit
a significant pressure dependence. However, as is displayed
in Fig. S4(c) [50], the depolarization ratio for the typical
mode 382cm™! is almost constant over pressure, which is
in sharp contrast with the case where a Raman enhancement
is caused by depolarization effect [56]. Thirdly, in case the
unusual Raman enhancements observed in present work are
due to resonance Raman scattering, there should exist an
underlying electronic absorption band which has a transition
energy close to that of the Raman excitation 532 nm (or
2.33 eV) [53,56,57]. For comparison, high-pressure Raman
spectra with a different excitation wavelength of 633 nm
(or ~1.96 eV) are measured and displayed in Fig. S5 [50].
As is expected, the maximum of the Raman enhancements
appears at a higher pressure of 12.2 GPa, which indicates
that the transition energy of the resonance absorption band
is gradually reduced upon compression. Further analysis of
resonance Raman in the Supplemental Material [50] shows
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FIG. 6. The pressure evolution phase diagram for Pb,P,Ss. The
left axis represents the values of resistance at 300 K. The right axis
corresponds to the onset superconducting critical temperature 7™
and zero-resistance temperature 7.”°. The insets display optical
micrographs of the Pb,P,Ss sample at different pressures.

that this resonance absorption transition may be associated
with the band gap of this sample.

Based on the data presented here, we construct a pressure
evolution phase diagram for Pb,P,Sg, as displayed in Fig. 6.
Optical micrographs of the Pb,P,S¢ single crystal are also
included to indicate the color change of the sample at different
pressures. As mentioned above, the crystal at ambient pressure
is partially transparent with a yellow color [see the inset of
Fig. 1(a)]. Upon compression, the color of the sample grad-
ually varies from light-yellow to orange (at 14.7 GPa) then
to dark-red (at 20.7 GPa). For higher pressures, the crystal
becomes darker and darker before being opaque black above
28.4 GPa. Such a piezochromic transition implies a gradual
closure of the band gap. In accordance with the piezochromic
phenomenon, the resistance at 300 K (R3pk) rapidly de-
creases with pressure, namely from 1.5 M2 (at 23.2 GPa) to
1.2 © (at 39.4 GPa). Afterwards, metallization and supercon-
ductivity are simultaneously observed. Superconductivity is
monotonously enhanced by increasing pressure. Eventually,
T.°"¢ reaches a maximum of 5.1 K. It should be noted that all
of these evolutions occur in the same lattice symmetry, namely
the monoclinic P2;/c phase of Pb,P,Sg.

IV. CONCLUSION

In summary, we have synthesized Pb,P,S¢ single crys-
tals and investigated the high-pressure electrical transport
and structural properties. We find that application of pres-
sure induces metallization and superconductivity at around
39 GPa. The superconducting T¢ is monotonously enhanced
from 3.2 to 5.1 K throughout the pressure range of 39-
54 GPa. X-ray diffraction and Raman results consistently
prove the absence of structural transition over the studied
pressure. Observations of unusual enhancements of Raman
intensity are correlated with resonance Raman effect. These
findings establish Pb,P,S¢ as a special member of the
metal phosphates. Firstly, superconductivity emerges from
the pristine 3D metal phosphate structure without structural
transition. Secondly, the resonance Raman effect provides
an additional avenue to gain information of the underlying
electronic structure. Thirdly, the rich and interrelated physics,
including piezochromism, resonance Raman scattering, met-
allization, and superconductivity, make Pb,P,S¢ a highly
tunable electronic material which may promote applications
such as in optoelectronics.
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