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The evolution of PbTe with pressure has been reexamined using synchrotron x-ray diffraction. The phase
transition at 6 GPa is not to the GeS �B16� or TlI �B33� type structures, as previously reported, but to an
orthorhombic Pnma structure, with cell parameters a=8.157�1�, b=4.492�1�, and c=6.294�1�Å at 6.7 GPa.
This structure corresponds to a distortion of the low-pressure NaCl structure with a coordination intermediate
between the sixfold B1 �NaCl� and the eightfold B2 �CsCl� structure. We discuss the stability of this new
structure with respect to other proposed phases using numerical methods. These results may modify the
admitted paths of phase transitions between the B1 and B2 structures.
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I. INTRODUCTION

The lead chalcogenides PbX �X=Te, Se, S� are narrow-
gap semiconductors �group IV–VI�, which crystallise at am-
bient conditions in the cubic NaCl �B1� structure. They are
extensively used in Peltier elements, infrared detectors, diode
lasers,1 and in thermophotovoltaic energy converters.2 High-
pressure experimental data on their structure and lattice dy-
namics provide crucial tests for modeling semiconductors by
computational techniques.3–6 The IV-IV and III-V semicon-
ductors have been extensively studied under pressure and are
well understood.7 The situation is very different for the
sixfold-coordinated cubic systems of prototype PbX. Struc-
tural transitions in PbTe, PbSe, and PbS were first reported
by Bridgman in 1940.8 Later diffraction work confirmed that
PbTe, PbSe, and PbS transform at 6, 4.5, and 2.2 GPa, re-
spectively, to an intermediate phase, and beyond �between 13
and 22 GPa� to the eightfold-coordinated CsCl �B2�
structure.9,10 The intermediate phase has been referred to as
being of the “GeS” type �B16, space group Pbnm� rather
than of the “TlI” type, as suggested for PbS and PbSe �B33,
space group Cmcm�,11 but there is evidence that this is
incorrect.9,10,12–14 This is in contrast to computational
results,15 which affirm that all three systems—PbTe, PbS,
and PbSe—indeed adopt the TlI structure. It hence appears
that 65 years after Bridgman’s discovery, the question of the
structure of these phases is still unsettled. Our interest in the
structural aspects of the intermediate phases arose out of
lattice-dynamical studies of the NaCl structure of PbTe under
pressure, where a pronounced softening of the transverse
acoustic phonon branches in �100� and �110� directions was
observed.16 This may well be related to structural features of
the intermediate phase.4

In this paper, we report x-ray powder diffraction obtained
at synchrotron sources which allowed us to solve the struc-
ture of the intermediate phase of PbTe. Ab initio calculations
have been carried out to investigate the relative stability of
the proposed structure with respect to the NaCl and the GeS
type structures.

II. EXPERIMENTAL AND THEORETICAL METHODS

High-purity PbTe powder samples �99.999%� provided by
Alfa were used in the experiments. One data set was col-
lected on station ID30 of the European Synchrotron Radia-
tion Facility �ESRF� at 300 K using an image plate detector
and with a wavelength of �=0.3738 Å. The diamond anvil
pressure cell was loaded with a 4:1 methanol-ethanol mix-
ture as a pressure transmitting medium. Stainless steel gas-
kets provided a sample hole of 120 �m. A second set of data
has been collected at the Synchrotron Radiation Source
�SRS� at Daresbury Laboratory using an image plate detector
and an incident wavelength of �=0.4654 Å.17 In both cases,
the pressure was determined to a precision of +/−0.2 GPa
using the ruby fluorescence technique. The program
FULLPROF18 was used for crystal structure refinements using
the Rietveld method.19

Ab initio calculations have also been performed in order
to obtain an insight into the phase transitions at the atomic
level and on the local structure and energetics of the inter-
mediate phases. Our calculations have been carried out
within the density-functional theory and the local-density ap-
proximations. We adopted a standard plane-wave/
pseudopotential approach as implemented in the PWSCF

code.20 Both pseudopotentials were built according to the
von Barth–Car scheme; nonlinear core corrections were in-
cluded in the Pb description. A 30 Ry cutoff and 4�4�4
k-point grids were used in the rocksalt phase; finer grids and
Methfessel-Paxton broadening were used in the study of the
intermediate- and high-pressure structures.

III. RESULTS AND DISCUSSION

The quality of our sample has been verified by the analy-
sis of the data recorded once the pressure cell was sealed at

0.4 GPa. The refinement of the NaCl structure �Fm3̄m, Pb at
�0.5 0.5 0.5�, Te at �0 0 0�� leads to a lattice parameter of
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6.4245�4� Å. The temperature factors were refined to 1.29�5�
and 0.83�7� Å2 for Pb and Te, respectively. No impurity is
detected, as shown in Fig. 1.

On increasing pressure, a first-order phase transition to
the “intermediate phase” was observed between 6 and 7 GPa.
Figure 2 shows a pattern recorded at 6.7 GPa at the ESRF
together with the calculated patterns from the TlI and GeS
type structures. Note that although the observed pattern from
the intermediate pressure phase of PbTe is similar to the one
observed in Ref. 12, the reflections, in particular the strong
reflection at Q=2.3 Å−1, cannot be indexed on the previously
suggested TlI or GeS structures. This had already been
pointed out by both MacLean21 and Chattopadhyay.12 An-
other report by Onodera et al.14 has discussed the possibility
of indexing the intermediate phase using the SnTe-II struc-

ture, that is, an orthorhombic cell with lattice parameters a
=8.166, b=8.802, and c=6.190 Å. However, no space group
or structural model was proposed, and the structure of the
intermediate phase thus remained unsolved.

A. Structure of the intermediate phase of PbTe
at high pressure

The PbTe pattern measured at 6.7 GPa at the ESRF was
indexed using Dicvol 91.22,23 Several different unit cells
were found, and in each case we refined the profile without a
structural model �profile matching or Le Bail fit�. For each
trial cell, the atomic volume was compared to that deduced
from the measured density, at the same pressure, obtained
using volumetric measurements.8 From the comparison it
was concluded that only two unit cells need to be considered
further, an orthorhombic cell with a=8.157�1�, b=4.492�1�,
and c=6.294�1� Å, and a monoclinic distortion of this cell,
both with Z=4. Profile matching refinements showed, how-
ever, that the goodness of fit did not significantly improve by
relaxing the symmetry to monoclinic. The orthorhombic cell
thus appeared to be the most likely solution. Note that this
cell is completely different from that previously reported for
the GeS or TlI type structures. Interestingly, this cell is, how-
ever, half the cell proposed by Onodera et al.14

The distribution of the atoms within the unit cell was then
determined by using the simulated annealing technique
�SAnn� �Ref. 24� implemented in FULLPROF. The relative po-
sitions of the eight atoms within the unit cell were consid-
ered without symmetry constraints. An optimal distribution
of atoms was chosen by eliminating some unrealistic atomic
distributions that were also provided by SAnn in different
runs. The space group was obtained by considering only the
most symmetric structure consistent with the atom distribu-
tion obtained from SAnn. Two final possibilities were found,
both with space group Pnma and lattice parameters a
=8.177 Å, b=4.495 Å, c=6.230 Å, and Pb and Te atoms on
the 4c site, Pb �0.82, 0.25, −0.19� Te �0.56, 0.75, 0.87� and
Pb �0.56, 0.25, −0.19� Te �0.82, 0.75, 0.87�.

These two possibilities differ only by the x coordinate of
Pb and Te, which are inverted. The refinement of the ESRF
data using the first or the second choice gave very similar
results, with a slightly better refinement for the second struc-
tural model. In order to distinguish both structures, simula-
tions based on electronic structure calculations were carried
out. The second structure was indeed found to be more stable
than the first one: the first transforms into the second if the
atom coordinates are relaxed.

The refinement with the second model is shown in the
inset of Fig. 3. Preferred orientation had to be introduced
along �100� to improve the refinement. A procedure based in
the March-Dollase-Wright �see Ref. 25� multiaxial model for
preferred orientation adapted for image plate high-pressure
anvil cells in synchrotron beamlines was used �Nor=3 in
FULLPROF�. The sample suffers also from microstructural ef-
fects, as clearly seen in the anisotropic peak broadening and
small shifts of several reflections. A refinement of the peak
broadening using a quartic hkl dependence of the Gaussian
and Lorentzian full width at half maximum �FWHM� �see

FIG. 1. Rietveld refinement of the NaCl phase of PbTe, recorded
at 0.4 GPa, at ESRF ��=0.3738 Å�. Dots are data points, vertical
bars are the Bragg positions. The continuous line is the calculated
pattern. Inset: Structure of the NaCl phase of PbTe. Open circles are
Pb atoms, filled circles are Te atoms. The NaCl cell is indicated.
The dotted lines indicate the intermediate Pnma cell of PbTe at high
pressure �see Sec. III B� .

FIG. 2. �a� and �b� Calculated patterns for PbTe with the TlI and
the GeS type structure. �c� Observed pattern of PbTe at 6.7 GPa at
ESRF. �d� Pattern recorded at SRS, after annealing at 200 °C for 14
h, for which the pressure had dropped from 8.8 to 6.5 GPa.
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Refs. 26 and 27� improves the fit but does not fully account
for all the microstructural effects. As we will see below, the
peak broadening contains a part that is extrinsic to the
sample, coming presumably from pressure gradients across
grain boundaries. For this reason we have preferred to handle
the microstructural effects in a phenomenological way by
relaxing the peak broadening and shifts of the most affected
reflections with respect to the average resolution parameters.
This procedure provided a better estimation of some inte-
grated intensities improving, without changing essentially,
the structural parameters. The sample also proved to contain
a remaining fraction of untransformed ambient pressure
phase with lattice parameter a=6.221 Å. The final structural
parameters are given in Table I. Occupation factors of Pb and
Te were refined, but imposed that the sum equals 1 �no va-
cancies�. The refinements indicate a non-negligible amount
of atomic disorder: 10% of Pb on the Te site, and vice versa.

Apart from not being single phase, the ESRF data set
proved to be strongly textured. For this reason, a second
series of experiments was carried out at the SRS synchrotron
at Daresbury, UK ��=0.4654 Å�. PbTe was compressed in a
Merrill-Bassett cell using a 4:1 ethanol methanol mixture
and a tungsten gasket. At 8.8 GPa, the sample was found to
be the pure intermediate phase. Two other data sets were
recorded after annealing the sample at 200 °C for 4 h and 14
h, without subsequent changes, except that the pressure
dropped to 6.8 GPa and 6.5 GPa, respectively. The main
difference between SRS and ESRF data is the intensity of the
central peak in the triplet at q=2.1 Å−1, as can be seen in
Fig. 2. This is directly related to the preferred orientation
along �100�.

The quality of the refinement of the SRS data using our
structural model is excellent and confirms the proposed
structure �Fig. 3�. The refinements of the other two patterns
recorded after annealing are similar, and some preferred ori-

entation along �100� has to be taken into account as well,
although this phenomenon is less pronounced than in ESRF
data. Here again, microstructural effects were taken into ac-
count using the same procedure as for the ESRF data. Here,
due to the more effective resolution, we had to relax the
FWHM and shifts of more reflections than in the case of the
ESRF data. The reflections of the SRS pattern are differently
affected by the microstructural effects, as should be the case
for an extrinsic origin of the peak broadening. In this sample,
the chemical Pb/Te disorder is much lower �4%�. We report
the structural refinement for the two data sets in Table I.

B. Relation with the low-pressure NaCl structure

The structure of the intermediate phase of PbTe at high
pressure is related to the low-pressure NaCl phase by the
following operations:

aPbTe = aC − bC,

bPbTe = �aC + bC�/2,

cPbTe = cC, �3.1�

where the subscript PbTe refers to the orthorhombic Pnma
cell, and C to the low-pressure cubic NaCl cell, and a change
in origin by �1/4, 1 /2, 3 /4� in the NaCl cell has to be taken
into account. In the intermediate structure at high pressure,
atoms are slightly displaced in the �a,c� plane of the Pnma
cell to be distributed on the 4c positions of Pnma. In Fig. 4,
where three views of the proposed structure are displayed,

TABLE I. Structural parameters of the intermediate phase of
PbTe at high pressure, from synchrotron �ESRF or SRS� x-ray pow-
der diffraction. ESRF: recorded at 6.7 GPa; SRS: recorded after
annealing at 200 °C for 14 h; the pressure had then dropped from
8.8 to 6.5 GPa. B are the isotropic temperature factors �Å2�. “Pb/Te
antisite” corresponds to the percentage of atoms of the wrong spe-
cies occupying the crystallographic site of the other.

Sample
pressure

PbTe ESRF
6.7 GPa

PbTe SRS
6.5 GPa

Space group Pnma Pnma

Lattice parameter a �Å� 8.157�1� 8.152�1�
Lattice parameter b �Å� 4.492�1� 4.486�1�
Lattice parameter c �Å� 6.294�1� 6.284�1�

Cell volume �Å3� 230.6 229.8

x�Pb� 0.564�1� 0.565�1�
y�Pb� 0.25 0.25

z�Pb� −0.189�1� −0.192�1�
x�Te� 0.821�1� 0.828�1�
y�Te� 0.75 0.75

z�Te� 0.868�1� 0.863�1�
B�Pb� 1.21�5� 2.24�4�
B�Te� 1.1�1� 1.5�1�

Pb/Te antisite 10% 4%

FIG. 3. Rietveld refinement of the intermediate phase of PbTe at
high pressure at 6.5 GPa from SRS data after annealing 14 h at
200 °C ��=0.4654 Å�. Inset: Rietveld refinement of the intermedi-
ate phase of PbTe at high pressure from ESRF data, at 6.7 GPa
��=0.3738 Å�. Dots are data points, vertical bars are the Bragg
positions. The continuous line is the calculated pattern. Note that
there is a small amount of untransformed NaCl phase present in the
ESRF data �lower tick marks�.
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one can note that, the linear arrangement of Pb and Te atoms
in the NaCl phase becomes “modulated” in the high pressure
Pnma phase. Pb and Te atoms are still successively disposed,
but these slight displacements in the �a,c� plane create a
modulation. The displacements of atoms are of about 0.4–0.5
Å in the a and c directions, as compared to the cubic posi-
tions. The NaCl to Pnma transition can hence be regarded as
displacive, although being of first-order.

The atomic displacements are nevertheless large enough
to modify considerably the atomic coordinations with respect
to the NaCl structure. Pb �Te� atoms are surrounded by 7 Te
�Pb� atoms, as well as two Pb �Te� atoms at slightly larger
distances. At 6.5 GPa, the seven neighbors of a different kind
are located at distances ranging from 2.93 to 3.81 Å. Note
that the coordination of 7 is intermediate between the high-
symmetry NaCl and high-pressure CsCl structure, which are,
respectively, sixfold- and eightfold-coordinated. There are 12
Te-Te and Pb-Pb distances, as in the NaCl and CsCl struc-
tures. These distances range from 3.46 to 4.89 Å for Pb
atoms, and from 3.97 to 5.80 Å for Te atoms.

C. Comparison with the previously suggested structures
GeS and TlI

As shown below, the previously proposed GeS type struc-
ture for the intermediate phase of PbTe, in spite of having the
same space-group symmetry, is clearly different from the
structure determined in this work. The volume of both cells
is the same: the a lattice parameter is about twice that of the
c lattice parameter of GeS, whereas our c lattice parameter is
half that of a in GeS,

aGeS = 2cPbTe, bGeS = bPbTe, cGeS = −
1

2
aPbTe. �3.2�

Figure 4 shows three views of the GeS structure together
with the intermediate structure of PbTe at high pressure. The
two structures differ in the way the atoms are displaced from
the ideal B1 structure. For GeS, the cell is doubled along
�001�c �the subscript c refers to the cubic NaCl cell�, and the

major atomic displacements are in the �1̄10�c direction. In the
intermediate structure of PbTe, however, the doubling of the

FIG. 4. Structure of the inter-
mediate phase of PbTe at high
pressure �left� and of the GeS type
structure �right�. Open circles are
Pb atoms, filled circles are Te at-
oms. Three views are displayed:

perpendicular to the �1̄10�c �top�,
�110�c �middle�, and �001�c �bot-
tom� NaCl cubic axes. Note that
the major atomic displacements
are along �001�c for PbTe,

whereas they are along �1̄10�c for
the GeS type. One can also notice
the difference in coordination in
the view perpendicular to the
�110�c axis: it is 7 for PbTe and 6
for the GeS type structure.
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cell is along the �1̄10�c direction and the major atomic dis-
placements are along �001�c, i.e., both are distortions of the
NaCl structure, but in different directions. A major difference
exists in the coordination: in the GeS structure, each atom is
surrounded by six different atoms �as in the NaCl B1 struc-
ture�, whereas the coordination is 7 in the intermediate struc-
ture of PbTe.

Note that the TlI structure �space group Cmcm�, which
was previously reported as the structure of the intermediate
phase for PbTe at high pressure by numerical calculations,15

is related to the GeS-type structure �space group Pnma� by
the following relations:

aTlI = cGeS, bTlI = aGeS, cTlI = bGeS. �3.3�

TlI can then be described in the Pnma space group of
GeS, and by setting the z coordinate of Pb �Te� to 0 �1/2�.
Each atom is surrounded by five close neighbors of a differ-
ent species below 3.5 Å, and by two others at a larger dis-
tance. The coordination of TlI can then be regarded as 5 or 7.

D. Stability of the intermediate phase at high pressure with
respect to B1, B2, B16, and B33

The ab initio calculations predict, for the rocksalt phase, a
lattice parameter of a=6.34 Å and a bulk modulus of 48.5
GPa, in typical LDA agreement with the experimental data
of 6.46 Å and 39.8 GPa and previous calculations.3,5,15 The
theoretical study of the intermediate phases at high pressure
shows that both the TlI and Pnma structures are more stable
than the GeS phase; it is, however, difficult to predict which
one is the most stable, since their enthalpy difference is
within the estimated error of the calculations. Our calcula-
tions correctly predict a phase transition from the rocksalt
structure to the Pnma phase at around 6.9 GPa, slightly
higher than the experimental transition pressure. A second
transition to the CsCl structure is predicted at 17.3 GPa, very
close to the experimental value of 16 GPa.9

IV. CONCLUSIONS

We have shown, using Rietveld refinement of synchrotron
x-ray powder diffraction, that the intermediate phase of PbTe
at high pressure is not of GeS or TlI type, as previously
reported. PbTe has an orthorhombic Pnma structure between
6 and 16 GPa, which is a modulated deformation of the
low-pressure NaCl structure. This is the first time, to our
knowledge, that such a structure has been reported as inter-
mediate between the B1 and B2 phases. This structure has
not previously been considered in discussions of the transi-
tion path between the two phases.28,29 Our study could help
in understanding the observed transitions in binary com-
pounds such as monochalcogenides, monopnictides, and
monohalides.

The fact that the intermediate structures of PbX compound
are modulated distortions of the NaCl structure may have an
implication in the behavior of the phonon dispersion of the
NaCl phase under pressure, as was already pointed out by
Cochran et al.4 In measurements of the lattice dynamics of
PbTe, we have indeed found a pressure-induced softening of
the transverse acoustic phonon branches in �100� and �110�
directions,16 which may be related to structural aspects of the
high-pressure phase identified in this paper. Since the inter-
mediate structure of PbTe is shown to be different from the
one adopted by PbSe �which appears to be indeed of GeS
type21�, the details of the pressure-induced phonon softening
may be significantly different as well.
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