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Lead chalcogenides represent a significant class of materials that exhibit intriguing physical phenomena, including
remarkable thermoelectric properties and superconductivity. In this study, we present a comprehensive investigation on the
superconductivity of PbSe single crystal under high pressure. The signature of superconducting (SC) transition starts to
appear at 7.2 K under 16.5 GPa. Upon further compression, the SC temperature (7¢) decreases, and it is reduced to 3.5 K at
45.0 GPa. The negative pressure dependent behavior of 7; is consistent with the trend of 7.—P relations observed in other
lead chalcogenides. The highest T is 8.0 K observed at 20.5 GPa during decompression process, which is also the highest
record among all other PbSe derivatives, such as doped samples, superlattices, and so on. The phase boundaries of the
structural and electronic transitions are well defined by Raman spectroscopy, and then phase diagrams are plotted for both
compression and decompression processes. This work corrects the previous claim of positive pressure dependence of 7; in
PbSe and provides clear phase diagrams for intrinsic superconductivity in PbSe under pressure.
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PACS: 61.50.Ks, 74.62.Fj, 73.61.—, 74.25.nd, 74.25.Dw

DOI: 10.1088/1674-1056/adb272

1. Introduction

Lead chalcogenide compounds, specifically PbX (where
X represents S, Se, or Te), are well-known as good thermoelec-
tric materials.!'#! Lead chalcogenides have small direct band
gaps E, of 0.2-0.41 eV located at the L point of the Brillouin
zone!>% which can be tuned easily by doping,!’! alloying,!®!
lowering dimension!” and heterostructures.!'%! This feature
may cause band inversions at the L point, which leads to a non-
trivial topological state, making them promising candidates

s.17:9-131 Superconductivity

14]

as topological crystalline insulator
can also be induced in lead chalcogenides through doping,|
heterostructures,''>! and superlattices.!'%! The equivalent pres-
sure effects such as strain-induced effect!!”! and edge misfit
dislocations!!>-1618] play a key role in their superconductiv-
ity. In the past several decades, there were lots of works about
the pressure effect on the structural and electrical properties of
lead chalcogenides, which help to explain the superconductiv-
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ity observed in PbX-based systems at ambient pressure. Un-
der ambient conditions, lead chalcogenides are in the form of
a NaCl-type structure (B1 phase).>%! As pressure is applied,
the crystal structures undergo one or two discrete phase tran-
sitions (intermediate phase),!!>?°! at which the band gaps be-
come significantly larger. After that, the high-pressure CsClI-
type structure emerges,>!=2%! refered to as B2 phase. In the
B2 phase, lead chalcogenides become metals and supercon-
ductors. In PbS, PbSe, and PbTe, their highest SC T;. values
are 12.3 K,3% 6.7 K3 and 8.0 K, 3! respectively.

The earlier study on the superconductivity in compressed
PbSe was conducted in 1975,53! finding that the supercon-
ductivity occurs above 30 GPa, and PbSe exhibits a positive
pressure dependence of T; that T; increases with increasing
pressure. However, in the same work, 7; values of PbTe show
a negative pressure dependence. Recently, a negative pressure
dependent 7, trend is also observed in B2 phase of PbS. 30!

© 2025 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.
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Considering the similarity among PbS, PbSe, and PbTe, the
positive pressure dependence trend of T, in PbSel*! looks
very strange and may not make sense: they undergo similar
structural phase transitions under pressure, and Se locates in
the middle between S and Te on the periodic table. In addi-
tion, there are also reports on the doped PbSe!*?! and doped
PbTe,*3 and the 7; values in both of them show a negative
pressure dependence. Hence, to clarify this conflict, it is nec-
essary to reevaluate the superconductivity in PbSe under pres-
sure.

In this study, we conducted high-pressure electrical trans-
port and Raman spectroscopy experiments on a PbSe single
crystal. Superconductivity was found to initiate at a pressure
as low as 16.5 GPa with a T, of 7.2 K and was suppressed
upon further compression. This finding differs from a previous
work which reported that the SC transition in PbSe starts from
30 GPa.*!l Signatures of multiband superconductivity behav-
ior were observed, resembling its sister compound PbS.[30]
Additionally, the highest 7;. of 8.0 K was observed at 20.5 GPa
during the decompression process. By combining electrical
transport results with Raman spectroscopy data, we present a
phase diagram of PbSe under pressure and correct the previ-
ously reported superconductivity behavior of PbSe.*! The in-
trinsic superconductivity of PbSe shows the highest 7. = 8.0 K
among other derivatives like doped samples, nanocrystal films,

heterostructures and superlattices as shown in Fig. 1.[13-34-37]
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Fig. 1. Comparison of highest 7. among PbSe and its derivatives.

2. Experimental details

The PbSe single crystal was synthesized by the chemical
vapor transport method. High-purity Pb and Se powders were
mixed in a 1:1 stoichiometric ratio and placed in a quartz tube
under high vacuum. The tube was heated to 850 °C on one
side, causing the powder mixture to vaporize, and the single
crystal was formed at 500 °C on the other side. No transport
agent was used in the CVT process.

We measured the temperature-dependent electrical resis-
tance of the PbSe single crystal under high pressure with stan-

30,38-40

dard four-probe geometry.! I We pressed the rhenium

gasket with diamonds and drilled a hole in the center with a
diameter of 200 um. The culet sizes of our diamonds in this
experiment are 300 um. Then we filled the chamber with mix-
ture of c-BN and epoxy. After that, we re-drilled a hole with
a diameter of 100 pm in the center as the sample chamber.
A small piece of the thin rectangular PbSe flake was loaded
into the sample chamber. Four Pt electrodes were placed on
the sample’s surface. The voltage leads are in contact with the
PbSe inside the sample chamber. We used KBr as the pressure
medium. A ruby ball was placed near the sample to calibrate
pressure.[*!] The measurement was performed in a commer-
cial cryostat (Janis Research) in the temperature range from
1.7 K to 300 K by a Keithley 6221 current source and a 2182A
nanovoltmeter.

High pressure Raman spectra were collected on a
HORIBA Raman spectroscopy system equipped with a
second-harmonic Nd:YAG laser. KBr was also used as the
pressure medium. A 532-nm laser with a 12 pm spot size was
employed. We used low fluorescent diamonds for the Raman
measurement and calibrated pressure with a ruby ball.

3. Results and discussion

The electrical transport behavior of PbSe single crys-
tal under pressure is presented in Fig. 2. Metallic-like be-
havior was observed at pressures below 1.8 GPa (as seen in
the inset in Fig. 2(a)), which was consistent with previous
report.[*?l Upon compression to 3.5 GPa, clear semiconduct-
ing transport behavior emerged. The resistance was very large
at low temperatures that it exceeded the range of the experi-
mental apparatus. This critical pressure aligned with previous
structural and electrical studies, where a phase transition oc-
curs from the low-pressure B1 phase to an intermediate Pnma
structure, resulting in semiconducting behavior with a wider
band gap.l'>?% The semiconducting behavior persisted un-
til 16.5 GPa. The resistance decreased monotonously when
pressure increased from 3.5 GPa to 16.5 GPa. In contrast to

(431 that identified a notable anomalous peak

a recent study
at approximately 250 K at low pressure. Their results also
show an increase in resistance and semiconducting properties
above 3.5 GPa. Our high-pressure resistance—temperature (R—
T) curves align with their findings. Furthermore, the electrical
transport measurements in this study are consistent with those
reported in PbS? and PbTe!*3 under pressure. The unex-
pected feature may be due to impurities in the sample.

At 16.5 GPa, a sudden resistance drop was observed
around 7.2 K, suggesting the occurrence of SC transition, as
shown in Fig. 2(b). Subsequently, the sample showed a state
of zero resistance, and the SC transition became much sharper.
The SC critical pressure near 16.5 GPa corresponds to the
pressure where the B2 phase transition takes place.!?-?8] The
T: decreased with pressure, and such a trend is consistent with

30-33

those in other lead chalcogenides.! | Here we define T,
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as illustrated in Fig. 2(b), which is in the same way as other
PbSe derivatives!!>34-37] and lead chalcogenides?%32-33] arti-
cles. Superconductivity persisted in our transport experiment
up to the maximum pressure of 45.0 GPa, at which it showed
aT.of 3.5K.

The transport behavior of PbSe during decompression
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process is shown in Figs. 2(c) and 2(d). It is noted that the crit-
ical temperature (7;) increased initially as the pressure was re-
duced from 45.0 GPa, and the T; reached the maximum 8.0 K
at 20.5 GPa. Then, T; began to decrease, and the sample went
back to the semiconducting state below 11.0 GPa, as shown in
Fig. 2(d).
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Fig. 2. The electrical transport behavior of PbSe single crystal under compression and decompression. (a) The R-T curves of PbSe from 3.5 GPa to
16.5 GPa upon compression. The inset shows the metal-like behavior near ambient pressure. (b) Normalized R—T curve of PbSe from 16.5 GPa to
45.0 GPa upon compression. (¢) Normalized R-T curves of PbSe from 45.0 GPa to 11.0 GPa during decompression process. (d) R—T curves of PbSe

from 11.0 GPa to 3.8 GPa during decompression.

Figure 3 shows the relation between 7; and pressure in
various lead chalcogenides in the B2 phase, and the corre-
sponding pressure derivative d7,/dP values are listed in Ta-
ble 1. For pure PbS, PbSe, and PbTe, they have similar
dT;./dP values. However, the amplitudes of d7;/dP of PbSe
(—0.14) and PbTe (—0.19) are 3—4 times larger than those of
their doped derivatives (—0.04 and —0.05), suggesting that
doping would help to stabilize the superconductivity. It is ob-
vious that the d7;/dP of PbSe in this work has a different
sign from d7;/dP of PbSe in Ref. [31]. We argue that the in-
trinsic superconductivity of PbSe has a negative pressure de-
pendence. Because the SC transition pressures for PbS and
PbTe correspond to the critical pressures of intermediate—B2
transition, 202729311 and our SC transition pressure coincides
with the B2 transition pressure as well, as illustrated in Ta-
ble 1. It is reasonable to believe that SC transition of PbSe
should also emerge along with B2 phase, since Se lies in the
middle of S and Te in the periodic table.

12+
m PbS
o PbSe (this work)
10 v PbggoCroeiSe
A PbTe
¢ Ing.0035Pbo.9965T€0.99610.004
—~ < PbSe(1975)
\% g | — Linear fittings
=
6L
4+
1 1 1 1 1

25 30 35
Pressure (GPa)
Fig. 3. The T.—pressure diagram of lead chalcogenides in the B2 phase.
The data of PbS is from Ref. [30], PbSe is from this work, PbTe is from
Ref. [3 1 ], Pb0,99Cr0,01 Se is from Ref. [32] and IH()A()()35Pb0.9965T60.99610404 is
from Ref. [33]. Data are fitted linearly, shown in Table 1.

15 20 40
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Table 1. Comparison of B2 transition pressures Pgy, SC onset pressure Psc

and d7;/dP of lead chalcogenides in the B2 phase.

Material P2 Fsc dT./dp
(GPa) (GPa) (K/GPa)
PbS 21.19 23.99 -0.24
PbSe (this work) 16 16.5 -0.14
PbTe 189 17.59) -0.19
Pby.99Cro.01Se 20.19 199 -0.04
Ing 0035 Pbo.9965 Teo.99610.04 20.2¢) 15.89) -0.05
PbSe (1975) 16% 30¢) 0.05
YRef. [21], YRef. [27], YRef. [29], YRef. [30], ®Ref. [31], DRef. [32],

& Ref. [33].

The effect of a magnetic field provides additional evi-
dence of superconductivity, as illustrated in Fig. 4(a). At
28.9 GPa, the 7}0““" was about 5.5 K (as indicated by the ar-
row). When an external magnetic field was applied, it sup-
pressed the superconductivity, resulting in the decrease of SC
temperature and broadening of the SC transition region.

0.006 B (T)
—0
@ —0.1
o 0.004 —0.2
g 0.4
% 0.002 0.6
0 .
K —0.8
—1.0
O - mbed L
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Fig. 4. Magnetic field effect on the superconductivity of PbSe and up-
per critical field analysis at 28.9 GPa. (a) The R—-T curve of PbSe at
28.9 GPa under different magnetic fields. We extract 72" and 7™ as
illustrated by the arrows. (b) The upper critical field Hc, as a function
of temperature. The solid lines are the fitting results using the WHH
and JHC formula.

Multiband
through the evolution of 7; under magnetic fields. We ex-

superconducting behavior was observed

tracted T¢. by two different definitions, as illustrated in Fig. 4(a)
for 72™¢t and 77", then fitted the upper critical field He (T)
with the two-band Werthamer—Helfand—Hohenberg (WHH)
formulal**! which describes the T, dependence on magnetic

field for multiband SC, as shown in Fig. 4(b). The correspond-
ing Hep(0) values are 2.15 T for 72" and 0.9 T for 77°". We
also fitted Hp with Ginzburg-Landau (GL) theory. The fitted
H>(0) are 1.68 T and 0.93 T for 7™ and T2, respectively.
However, the fitted results for ﬂonse‘ obviously deviated from
the measured results comparing to the WHH model, indicat-
ing the multiband SC nature in PbSe. It is worth mentioning
that a similar multiband superconducting feature was also ob-
served in its sister compound, PbS.[**! This finding suggests
that the entire lead chalcogenide family may be characterized
as multiband superconductors, a possibility that warrants fur-
ther investigation.

To identify the distinct phase boundaries, we conducted
Raman spectroscopy experiments on PbSe. Figure 5 dis-
plays the Raman spectra of PbSe during both compression
(Fig. 5(a)) and decompression (Fig. 5(b)) processes. When
pressures were below 4.8 GPa in the compression process, no
significant Raman peak was observed, consistent with prior
findings that the B1 phase of PbSe is not Raman active. !
Clear peaks emerged above 4.8 GPa, confirming the transition
from the B1 phase to the intermediate phase.!?2%-2328 A5 the
pressure was further increased, Raman peaks became more ob-
vious, and they were kept up to 30.5 GPa, suggesting that the
intermediate phase persisted until 30.5 GPa. Four clear Raman
peaks were observed as shown in Fig. 5(c), recognized as three
Ag modes and one B3, mode respectively under Pnma sym-
metry (see supplemental material Table S1). Combining the
results of transport and Raman measurements, it is believed
that there is a mixed phase region composed of intermediate
Pnma phase and B2 phase. It is reasonable given that this is
a first-order transition. >3] Previous structural studies also pur-
posed that the intermediate phase still persists after the emer-
gence of B2 phase until near 30.0 GPa.!?®! In order to check
the structure stability at low temperature, we also conducted
low temperature Raman spectra at 10.5 GPa and 20.0 GPa as
shown in supplemental material Figs. S1(a) and S1(b). No
new peak appeared, and no peak disappeared as we lowering
the temperature, indicating no phase transition occurred in the
temperature decreasing process. Above 30.5 GPa, the Raman
signal became almost invisible, indicating that the intermedi-
ate phase fully transformed to the B2 phase.

During decompression process, the pure B2 phase was
kept until 18.6 GPa, as shown in Fig. 5(b), below which the
Raman signal of intermediate phase reappeared. Such a tran-
sition is almost consistent with the observation of the highest
T. at 20.5 GPa during the decompression process, as shown
in Fig. 2(d). When the pressure was released to 1.6 GPa and
1.0 GPa, the Raman signal decayed quickly, suggesting the
phase transition to the original B1 phase.
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Fig. 5. Raman spectra of PbSe under high pressure. (a) Raman spectra of PbSe under compression. Clear Raman peaks started to appear above
4.8 GPa, indicating a phase transition from the B1 phase to the intermediate phase. Raman peaks did not vanish at 16.5 GPa but at 30.5 GPa,

indicating a mixed phase of B2 phase and intermediate phase in

this range.3%3? (b) Raman spectra of PbSe under decompression. Raman

peaks reemerged below 18.6 GPa. PbSe entered into the mixed phase. Below 1.6 GPa, the intensity of Raman mode near 150 cm~! declined
quickly, suggesting that PbSe started to go back to the B1 phase. (c) Raman peaks under compression. (d) Raman peaks under decompression.
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Fig. 6. High pressure phase diagrams for PbSe. (a) Phase diagram dur-
ing the compression process, insets: atomic structure for each phase.
(b) Phase diagram during the decompression process. A high 7, =8.0 K
is achieved at 20.0 GPa. The Semi-I means the NaCl-type semicon-
ducting phase (B1 phase). Semi-II is the intermediate semiconducting
phase. B2 means the CsCl-type structure. Mixed means the coexistence
of the intermediate phase and the B2 phase. Upper panel colors: gery
represents the B1 phase, yellow represents the intermediate phase, light
gery represents the B2 phase.

Based on the experimental findings of the electrical trans-
port measurement and Raman spectra of PbSe under pressure,
we proposed phase diagrams for both compression and decom-
pression processes, as seen in Fig. 6. During the compression
process, as shown in Fig. 6(a), PbSe is in the B1 phase as a
narrow band gap semiconductor below 4.8 GPa, referred to as
Semi-I. As the pressure increases to 4.8 GPa, an intermediate
Pnma phase emerges, leading to a more insulating state, re-
ferred to as Semi-II. With further compression, the conductiv-
ity of the intermediate phase increases continuously and even-
tually causes a transition from the semiconducting intermedi-
ate phase to the metallic B2 phase at 16.5 GPa, as indicated
by transport measurement in Fig. 2. At the same time, PbSe
exhibits superconductivity at low temperatures. The interme-
diate phase and the B2 phase coexist until 30.5 GPa, which
is indicated by the evolution of Raman peaks. We refer to the
range from 16.5 GPa to 30.5 GPa as the mixed phase (interme-
diate + B2 Phase). Above 30.5 GPa, PbSe is in pure B2 phase.
For superconductivity, 7; decreases monotonously, and the SC
phase persists at least to 45 GPa, the highest pressure in this
experiment. During decompression, PbSe reenters the mixed
phase from the B2 phase below 18.6 GPa. A higher critical
temperature (7 = 8.0 K) is observed at 20.5 GPa. The critical
pressures for the two structural phase transitions shift to lower
values, as shown in Fig. 6(b).

A higher T; value of 8 K observed during decompression
process is due to the fact that the superconductivity with such
a T; is presented in a pure B2 phase rather than the mixed
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phase, as the superconductivity will be affected by the struc-
tural instability or lattice distortion in the mixed phase. Earlier
studies have claimed that there is a Peierls-like lattice distor-
tion during the transition from the B1 phase to the interme-

46471 As pressure increases, this lattice distortion

diate phase.!
is suppressed when the B2 phase appears, and then the super-
conductivity occurs. During the decompression process, this
lattice distortion is recovered when the pressure is released to
~ 17.6 GPa as indicated by the active Raman signal of the
intermediate phase in Fig. 5(b). When the pressure was re-
leased from 17.6 GPa to 11.0 GPa, more and more interme-
diate phase would recover from the B2 phase, and the super-
conductivity was then affected by the structural instability or
the lattice distortion, which resulted in a decreasing trend of T
values. However, during the compression process, the mixed
phase started from 16.5 GPa and persisted to 30.5 GPa, as seen
in Figs. 2 and 6(a). Then, it is easy to understand why the
T. values are always lower from 16.5 GPa to 30.5 GPa dur-
ing compression process than those during the decompression

process.

4. Conclusion

To summarize, we conducted a study on the electrical
transport properties of PbSe under pressure. We found that
the superconductivity initiated at as early as 16.5 GPa when
PbSe just transformed to the B2 phase, and it showed a T¢. of
7.2 K. More importantly, the superconductivity (7;) in pure
PbSe shows a typical negative pressure dependence. Such a
trend is well consistent with its sister compounds PbS and
PbTe and is totally different from previous positive pressure
dependence. A high 7, = 8 K was observed at 20.5 GPa during
the decompression process, which is the highest record in all
derivatives of PbSe. This research clarifies the misconceptions
and provides valuable insights into the intrinsic superconduc-
tivity of PbSe, thereby contributing to the understanding of
the superconductivity mechanism in lead chalcogenide-based

systems.
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