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SPECIAL TOPIC — Structures and properties of materials under high pressure
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The IV-VI semiconducting chalcogenides are a large material family with distinct physical behavior. Here, we sys-
tematically investigate the effect of pressure on the electronic and crystal structures of PbSe and PbTe by combining high-
pressure electrical transport and synchrotron x-ray diffraction (XRD) measurements. The resistivity of PbSe and PbTe
changes dramatically under high pressure and a non-monotonic evolution of p(7') is observed. Both PbSe and PbTe are
found to undergo semiconductor—metal transition upon compression and show superconductivity under higher pressure.
The structural evolutions from the Fm3m to Pnma phase and then to the Pm3m phase in PbSe are verified by the x-ray
diffraction. The present findings reveal the internal correlation between the structural evolution and the physical properties

in lead chalcogenides.

Keywords: IV-VI semiconductor, high pressure, superconductivity, crystal structure

PACS: 61.50.Ks, 74.70.-b, 74.62.F;j

1. Introduction

The IV-VI semiconductors MX (M = Ge, Sn, Pb; X =S,
Se, Te) have been extensively investigated for many years
because of their various physical properties and technologi-
cal applications.!'! Among them, PbX materials were well
known for high carrier mobility as well as high ZT value in
mid-temperature region thus gained wide applications in solar
cells and thermoelectric field.[*! Germanium chalcogenides,
like GeSe and GeTe, known as phase-change materials, have
been used as data storage devices.®”! From structure point of
view, the IV=VI semiconductors crystallize in three different
structures under ambient conditions.!®! The GeS type structure
analogous to black phosphorus is observed for the lighter com-
pounds GeS, GeSe, SnS and SnSe. Compounds SnTe, PbS,
PbSe and PbTe crystallize with the cubic NaCl structure, and
GeTe shows a rhombohedral structure as a binary analogue of
the gray arsenic.

Pressure, serving as a key thermodynamic parameter, of-
fers a potent means to manipulate crystal and electronic band
structures without introducing impurities or defects, thereby
unveiling novel physical phenomena that are not observable

under ambient conditions. °-10

1 As one of the most significant
features of the IV-VI compounds, complex structural transi-
tions are observed upon compression.!”-!7-23 Initial GeS-type
compounds, like SnS and SnSe, undergo two pressure-induced

structural transitions: the first from orthorhombic GeS-type
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structure (space group Pnma) to orthorhombic structure (space
group Cmcm) and then to cubic CsCl-type structure (space
group Pm3m).[192627] PbX (X = Se, Te) and other NaCl-
type IV=VI compounds experience a similar evolution path:
first from the rocksalt NaCl structure (space group Fm3m) to
a lower symmetrical phase (space group Pnma) and then to
body-centered cubic CsCl structure (space group Pm3m).[828]
Specially, it has been theoretically predicted by Barone et al.
that external pressure can induce topological phase transitions
in PbSe and PbTe within a rocksalt structure. [>°)

Another typical phenomenon for the IV-VI compounds
under high pressure is the semiconductor—metal transition pre-
sented along with the phase transformation.[%:17-18.26:27.301 Ag
pressure increases, a huge reduction of the resistivity emerges
and compounds finally enter metallic state. The exact struc-
tural evolution with pressure for the IV-VI compounds has
been clarified, however, the origin of anomaly in resistiv-
ity curve still remains unknown. With many of these com-
pounds, superconductivity was only reported in the 1970s and
1980s,31-331 it is important to examine the relationship be-
tween their electronic transition as well as superconducting
properties and the structural transformation under high pres-
sure. Motivated by the above issues, we systematically inves-
tigated the effect of pressure on the IV-VI compounds. We
chose PbX (X = Se, Te) and studied the evolution of their
physical properties and crystal structure under pressure. Com-
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bining high-pressure electrical transport and synchrotron x-ray
diffraction (XRD) measurements, we have drawn a phase dia-
gram for PbSe and PbTe to reveal the internal correlation be-
tween the structural evolution and the electrical properties.

2. Methods

Single crystals of PbSe were grown using a chemical va-
por transport (CVT) method. High-purity Pb sheets (99.99%)
and Se powder (99.99%) were mixed in the proportion of
The
chemical-loaded ampoule was gradually evacuated to vacuum

Pb:Se = 1:1 before loaded into a quartz ampoule.

of 107 torr and sealed. The sealed ampoule was laid in a two-
zone horizontal furnace. The source zone and growth zone
were heated to 1313 K and 1240 K, respectively, at a rate of
30 K/h. Then temperatures were kept for 5 h and slowly cooled
down by 100 K in 10 h. At the completion of the run, the fur-
nace was slowly cooled down to room temperature at a rate
of 10 K/h. The as-synthesized single crystals were carefully
collected after physical breaking of the ampule.

Single crystals of PbTe were synthesized by mixing
stoichiometric ratio of Pb sheets (99.99%) and Te powder
(99.99%). The mixture was loaded into an alumina crucible
and then stored in a quartz tube. Then the vacuum ampoule
was slowly heated to 723 K in 12 h and heated to 1323 K in
7 h and kept for 6 h. Then the tube was steadily cooled to
1123 K in 6 h and subsequently air quenched to room temper-
ature.

Powder x-ray diffraction (XRD) was examined on a
Bruker D2 powder x-ray diffractometer (Cu K, radiation,
A =1.54056 A). Rietveld refinements of the powder XRD pat-
terns were performed through the software of General Struc-
ture Analysis System (GSAS-IT).3*! Scanning electron micro-
scope (Phenom Pro) equipped with energy dispersive spec-
troscopy (EDS) was utilized to characterize the composition

and detect the surface morphology of the single crystals. Elec-
trical resistivity at ambient pressure was measured using a
physical property measurement system (PPMS). We adopted
a standard DC four-probe method with Au wires to obtain
the electrical resistivity in a temperature range from 1.8 K to
300 K.

A BeCu-type diamond anvil cell (DAC) with 200 pm
culet was used to generate high pressure for transport mea-
surements as described elsewhere.[>3¢1 A layer of cubic
BN/epoxy composite was interposed between the BeCu gas-
ket and the electrical contacts. Four pieces of Pt foils were
positioned on the sample’s surface in accordance with the van

10.37.38] The high-pressure XRD experi-

der Pauw technique.!
ments were conducted at the BL15U1 beamline of the Shang-
hai Synchrotron Radiation Facility, utilizing an x-ray wave-
length of A = 0.6199 A. A piece of Re was used as the gasket
and mineral oil was used as the pressure transmitting medium.
The pressure was measured through the ruby luminescence
method.?%! Rietveld refinements were applied with the GSAS-

IT to obtain the structural parameters.3#!

3. Results

As shown in the insets of Figs. 1(a) and 1(b), both PbSe
and PbTe samples show metallic luster. The synthesized PbSe
and PbTe samples are characterized by the XRD and EDS
measurements at ambient pressure. Figures 1(a) and 1(b) show
the XRD patterns and Rietveld refinement results for PbSe
and PbTe. All the peaks could be attributed to NaCl-type
face-centered cubic (fcc) structure with space group of Fm3m.
From the EDS data in Figs. 1(c) and 1(b), the chemical com-
position Pb:Se = 47.99:52.01 implies slight Pb vacancies in
the as-grown samples, while Pb:Te = 53.94:46.06 with slight
Te defects.
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Fig. 1. Powder XRD patterns of (a) PbSe and (b) PbTe. The red solid lines represent the Rietveld fits for the corresponding materials, the black
cross symbols correspond to the observed data, the blue perpendicular lines indicate the peak positions and the solid lines at the bottom indicate
the residual intensities. The insets show photos of the PbSe and PbTe single crystals. (c) and (d) The energy dispersive x-ray spectra and atomic

concentration percentage charts for PbSe and PbTe, respectively.
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Figure 2 displays the temperature dependence of the elec-
trical resistivity p(T) of PbSe and PbTe ranging from 1.8 K to
300 K. Although electronic structure calculations indicate that
both PbSe and PbTe compounds are narrow-gap semiconduc-
tors, the p(T') for both PbSe and PbTe reveal a metallic be-
havior in the normal state. We attribute such behavior to the
self-doping due to deviations from stoichiometry, causing the
variation of Fermi level to metal states. The insets of Fig. 2
show the resistivity in the low temperature region. The resid-
ual resistivity ratio [RRR = p(300 K)/p(1.8 K)] is 26.8 for
PbSe and 60.3 for PbTe.
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Fig. 2. Resistivity of (a) PbSe and (b) PbTe in zero field from 1.8 K to
300 K. The insets show enlarged pictures of p(7') from 1.8 K to 30 K.

Figure 3 shows the temperature dependence of the re-

sistivity p(T') of PbSe under various pressures. In the low-

that observed at ambient pressure. Increasing pressure ini-
tially induces a continuous suppression of the overall magni-
tude of p. Subsequently, p(T) decreases rapidly with a mini-
mum occurring at around 2.3 GPa and then increases abnor-
mally. For P > 3.5 GPa, p(T) displays a semiconducting-
like behavior, which is different from that observed in the
low-pressure region. These unusual phenomena could be re-
lated to a pressure-induced topological phase transition man-
ifested as the band-gap closure and following reopening. 4]
Upon further compression, the resistivity reaches a maximum
at a pressure above 7 GPa. At the same time, the curve
displays a pronounced anomalous peak near 250 K, indicat-
ing the metal—insulator transition (7y;_1). As the pressure
is further increased above 7 GPa, p rapidly decreases. At
15.3 GPa, the normal state behaves as a metal. When the pres-
sure increases to around 19.6 GPa, a small drop of p is ob-
served below 6.5 K. When the pressure rises up to 23.7 GPa,
the resistivity drop becomes more evident and zero resistiv-
ity is achieved at low temperature, indicating the emergence
of superconductivity in PbSe under pressure. >3] Higher pres-
sure suppresses the superconductivity as the 7; decreases. As
shown in Fig. 3(e), the high-pressure experiments have been
repeated on different samples with good reproducibility of the
observed superconductivity transition temperatures. The oc-
currence of pressure-induced metallization and the following

superconducting transition in PbSe are consistent with other

pressure region, p(T) shows a metallic character similar to  MX semiconductors. /274143
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Fig. 3. Characterization of the electrical transport property of PbSe at various pressures. Temperature dependence of resistivity from (a) 0.4—
4.3 GPa, (b) 5.7-15.3 GPa and (c) 19.6-44.8 GPa. The superconducting transition and zero-resistivity behavior become clear above 19.6 GPa.
(d) Temperature dependence of the resistivity measured in the pressure range from 32.5 GPa to 44.8 GPa around 7¢. (e) Temperature dependence

of the resistivity from 19.8 GPa to 85.4 GPa in run 2 around 7t..
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Fig. 4. Characterization of the electrical transport property of PbTe at various pressures. Temperature dependence of resistivity in the pressure
ranges of (a) 0.5-9.2 GPa and (b) 13.7-53.3 GPa. The superconducting transition and zero-resistivity can be observed. (c) Temperature dependence
of the resistivity measured at different pressures between 13.7 GPa and 53.3 GPa near T;.
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Fig. 5. (a) Electrical resistivity in different magnetic fields for PbSe at 31.0 GPa. (b) The upper critical field tyH., as a function of temperature at
24.6 GPa, 27.8 GPa and 31.0 GPa for PbSe, respectively. (c) Electrical resistivity in different magnetic fields for PbTe at 23.7 GPa. (d) The upper
critical field poHc; as a function of temperature at 13.7 GPa and 23.7 GPa for PbTe, respectively.

We also performed the electrical resistivity measurements  cussed hereafter.
of PbTe at various pressures from 1.8 K to 300 K. When the The observed superconductivity in PbSe is further sup-
pressure is around 7.6 GPa, p(T) shows a metallic behavior ~ ported by the evolution of the resistivity—temperature curve
as that at ambient pressure. The superconducting transition  with the magnetic fields applied as shown in Fig. 5(a). The su-
Tt ~ 7.2 K is observed at 13.7 GPa and then decreases  perconductivity is suppressed with increasing magnetic fields.
with pressure, revealing a negative pressure coefficient of 7;. A magnetic field of about 4 T is adequate to suppress the
In summary, a similar evolution of p(7T') is observed for PbTe  superconducting transition under this pressure. The upper
under high pressure, and this abnormal phenomenon is closely  critical field uoHe(T) is determined by p = 90%pg (po is
related to the structural phase transitions which will be dis-  the initial resistivity before superconducting transition) on the
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resistivity—temperature curves, as shown in Fig. 5(b). Devi-
ating from the Werthamer—Helfand—Hohenberg theory based
on the single-band model, [*¥! the upper critical field goHe (T)
of PbSe has a positive curvature. Similar behavior has been
observed in MgB,, YNi;B,C, 2H-NbSe, and isostructural su-
perconductor PbS!#!1:43-491 byt neither observed in Cr-doped
PbSe nor In-I co-doped PbTe investigated before.*3!1 More
detailed study is still required to confirm the multiband super-
conducting properties in PbSe under high pressure. A simple
formula poHea (T) = oHea(0)[1 — (T/T)2)/[1 + (T /TP
is used to fit the uoH(T) curves.[’?) We obtain a = 1.50
and B = 2.02 for PbSe at 31.0 GPa, which is far from the
value of 1 in the Ginzburg-Landau model.!>3*! The zero-
temperature upper critical field is estimated to be 3.01 T at
31.0 GPa, which yields a coherence length £(0) of 10.3 nm
according to the Ginzburg—Landau equation.!>! It is worth
noting that the value of poH(0) is well below the Pauli—
Clogston limit. Similarly, the estimated toHc»(0) is 3.65 T
and 3.93 T at 24.6 GPa and 27.8 GPa, respectively. Figure 5(c)
shows the evolution of the superconductivity of PbTe in the
magnetic field at 23.7 GPa. The superconducting transition is
gradually suppressed as the magnetic field increases to 2.4 T,
with the extrapolated upper critical field toHe»(0) to be 2.1 T

(2.29 T) at 23.7 GPa (13.7 GPa), as shown in Fig. 5(d). The
response of temperature dependence of the resistivity to mag-
netic fields in both PbSe and PbTe provides further evidence
of the pressure-induced superconducting transition.

To identify the origin of the superconducting transition
and the anomaly in the resistivity curve, we chose PbSe to
perform in situ high-pressure XRD measurements to analyze
the structural evolution under various pressures. Figure 6(a)
shows the high-pressure synchrotron XRD patterns measured
at room temperature up to 72.6 GPa. As shown in the pat-
terns below 4.6 GPa, we can index all the diffraction peaks
of PbSe with the Fm3m phase. Beyond 5.9 GPa, we observe
a structural transformation in particularly characterized by the
emergence of a new diffraction peak near 20 = 12.5°. The sig-
nal of Fm3m phase completely eliminates at around 9.0 GPa,
which is consistent with the rapid decrease of resistivity in our
electrical transport measurements in Fig. 3. Above 21.4 GPa,
another phase transition takes place, as indicated by the new
diffraction peaks in the XRD patterns in Fig. 6(a). Upon com-
pression to 35.8 GPa, the XRD patterns remain the same shape
and no further transitions are observed within 72.6 GPa. All

the peaks can correspond to the phase with space group Pm3m.

20 (°)

a b « Ry, =2.79% | : c E .
=) P (GPa) (®) X2=2.44 . 6.0 "‘;S-) ; Phasel Phase ot
5 a I Fm3m| | ! b
] 72[_) GP: * Lo = 557 :‘\\\:\ C
68.7 3.4 GPa — I, " E ' Phase IIT
60.7 E 5.01 1 i -
I 534 || g E E
i ars || S £ 457 '
2| e
414 || & X '
o~ |‘ Y g 4.0t M”"T\x
*é w! 35.8 E E E
= i 31.8 5] i 1
3.5 1
5 ] S ey
& | Y 14.8 GPa F*Re 3.0 E
g ol | B |
a 14.8 g ! eV1/4 — Phase I
E g ' =V2/4 — Phase II
E 12.8 | [~ 50} E E AV3  — Phase III
l}' 10.9 ' '
| o Ry, =1.77%  Pmim| ; :
( x2=0.90 + L, < 45l '
' 7.3 N E :
i 5.9 68.7 GPa P
e STRS(E of |
| ICVED Il 1
3.4 1 1
o S — L
351 :
8 101214 16 18 20 22 24 5 10 20 25 0 10 20 30 40 50 60 70 80

20 (°)

Pressure (GPa)

Fig. 6. (a) High-pressure XRD patterns of PbSe at room temperature up to 72.6 GPa. (b) The representative XRD patterns of PbSe at 3.4 GPa,
14.8 GPa and 68.7 GPa, respectively. The red solid lines represent the Rietveld fits for the corresponding materials, the black cross symbols
correspond to the observed data, the blue perpendicular lines indicate the peak positions and the solid lines at the bottom indicate the residual
intensities. (c) Pressure dependence of lattice parameters and the unit-cell volume of PbSe for Fm3m, Pnma and Pm3m phases, respectively.

The representative fittings of the XRD patterns obtained
at 3.4 GPa, 14.8 GPa, and 68.7 GPa are displayed in Fig. 6(b).
Three phases with the space groups of Fm3m, Pnma and

Pm3m are demonstrated by the reasonable refinements. The

refinements yield model parameters of Ryp = 2.79% and X =
2.44 for the Fm3m phase, Ry, = 4.26% and xz =6.11 for the
Pnma phase and Ry, = 1.77% and x* = 0.90 for the Pm3m

phase. The corresponding fitting results are summarized in
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Table 1. Among the three phases, the Pnma structure can be
created by an orthorhombic distortion from the Fm3m struc-

ture, and the atoms slide in Pnma could lead to the structure

transition to Pm3m under higher pressure. 285!

Table 1. Structural parameters of PbSe under high pressure.

Phase I I I
Pressure (GPa) 34 14.8 68.7
Crystal system cubic orthorhombic cubic

Space group Fm3m Pnma Pm3m
VA 4 1 4
a, b, c(A) a,b,c=6.0162(1) a=109116(2) a, b, c=3.2934(2)
o, B,y o =3 =y =90.00000 b=4.1911(7) o = f =y =90.00000
¢ =4.0210(6)
o = =v=90.00000
Cell volume (A?) 217.76(1) 183.89(3) 35.723(8)
Density (g-cm™3) 8.679 8.430 11.827
Ryp (%) 2.79 4.26 1.77
x? 2.44 6.11 0.90

Figure 6(c) presents the pressure-dependent lattice pa-
There

are two coexistence regions around the phase transition pres-

rameters and volume of the three phases in PbSe.

sures. The Fm3m phase coexists with Pnma phase between
5.9 GPa and 7.3 GPa, and Pnma phase is along with Pm3m
phase between 27.5 GPa and 35.8 GPa. It should be noted
that the Pnma phase has a doubled lattice period compared
with the Fm3m phase. This phenomenon indicates that the
phase transition from Fm3m to Pnma is mediated by a Peierls
distortion.!?8-%1 The phase III is more symmetric in compar-
ison with phase II, which suggests that phase III is derived
by the pressure-suppressed Peierls distortion. In Fig. 6(b), we
use a third-order Birch—-Murnaghan equation of state to fit the

volume—pressure relation. The equation is
Vo 7/3_ Vo 5/3
1% 14
2/3
Vo
— -1 1
ORI

where By and Vjy are the bulk modulus and unit-cell volume,
respectively. The fitting yields By = 63.40 +5.13 GPa and
Vo = 57.07+£0.33 A3 for the Fm3m phase, By = 64.77 &
3.4 GPa and Vy = 54.72 £0.44 A3 for the Pnma phase and
By = 227.36 £22.72 GPa and Vj = 43.68 £0.52 A3 for the

Pm3m phase. We use the volume per unit cell (Z = 4 for the

3By

2

x{1+i(364)

Fm3m and Pm3m phases and Z = 1 for the Pnma phase) to
elucidate the volume evolution of the three phases upon com-
pression. The volume collapses from the Fm3m to Pnma phase
and from the Pnma to Pm3m phase are 3.5% and 5.7%, respec-
tively, providing the evidence of the first-order transition.
Figure 7(a) shows the high-pressure phase diagram of
PbSe encompassing the T;, resistivity at typical temperatures

and temperature coefficient of the resistivity (dp/dT) ac-

quired from transport measurements. These results demon-
strate that high pressure dramatically alters both crystal and
electronic structures of PbSe. Upon compression, PbSe expe-
riences the similar evolution path as other IV-VI compounds:
first from Fm3m structure to Pnma structure, and then to
Pm3m structure. The resistivity of PbSe exhibits a nonmono-
tonic evolution with increasing pressure, which corresponds
to a semiconductor—metal transition. In phase I, the resistivity
is first suppressed with applied pressure and reaches a rela-
tively low value at about 2.3 GPa. This peculiar behavior of
resistivity is not associated with a structural phase transition
because high-pressure XRD studies reveal structural stability
in this pressure range. The emergence of the sharp valley
has been identified as a signature of pressure-induced topo-
logical phase transition. A similar phenomenon was observed
for black phosphorus,[57] szTeg,[SS] ZrTe,, 59 BiTelL, 0% and
TIBiS,.!"!l As the pressure further increases, the resistivity in-
creases with a maximum occurring at around 7.0 GPa with
a temperature-dependent metal—insulator transition, indicating
the completion of the first structural transition.

In phase 11, the slope of the pressure dependent resistiv-
ity has an obvious change. The resistivity begins to decrease
upon compression which is obviously different from the be-
havior in Cr-doped PbSe.? In phase III, the resistivity con-
tinuously decreases with pressure and exhibits typical metallic
behavior. The slope becomes moderate under higher pressure.
Superconductivity is observed in this pressure region and the
T decreases monotonically with increasing pressure. The ob-
served superconductivity in PbSe is associated with structural
instability and/or pressure-induced structural phase transition.
The suppression of superconductivity in phase III is probably
due to a reduction of the density of state at the Fermi level as
revealed by a study of PbS.[4!]
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Fig. 7. Phase diagram of (a) PbSe and (b) PbTe. The blue, red and black lines represent the variation in resistivity with temperature at 10 K,
100 K and 300 K, respectively. Dashed lines correspond to onsets of phase transition. Red stars represent superconducting transition temperature
T;. The background represents the dependence of dp/dT from 1.8 K to 300 K at different pressures.

A quite similar evolution under high pressure is observed
in PbTe. All the characteristic temperatures from our high-
pressure experiments are summarized in a T—P phase diagram
in Fig. 7(b). Pressure-induced non-monotonic evolution of re-
sistivity and a metal-semiconductor transition occur in PbTe
at the low-pressure region in accordance with the pressure
of structural transition reported before.>*! Upon further com-
pression, PbTe evolves into a metallic state at the normal state,
and superconductivity is observed at low temperatures. The
results presented above allow us to build the close relationship
between the structural and physical properties for PbX mate-
rial under high pressures. Further investigation combining first
principles calculations could be significant to clarify the mech-
anism of the pressure-induced superconductivity in the IV-VI

semiconductors. [41:01]

4. Conclusion

In this work, we conducted a comprehensive character-
ization of the structural evolution and superconductivity of
lead chalcogenides PbSe and PbTe. In situ high-pressure syn-
chrotron XRD experiments along with Rietveld refinements
confirmed the structural transition from the Fm3m to Pnma
phase and then to the Pm3m phase. High-pressure electri-
cal resistivity measurements demonstrated that both PbSe and
PbTe exhibit a quite similar evolution under increasing pres-
sure, from a semiconductor with higher resistivity to a metallic
state. Superconductivity emerges when the material evolves
into the high-pressure CsCl-type cubic phase. We built a phase
diagram for PbSe and PbTe, which can also be extended to
other similar IV-VI semiconductors.
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