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Temperature and pressure induced phase transition in IV-VI compounds

T. Chattopadhyay, A. Werner, H. G. von Schnering
Max-Planck-Institut fiir Festkorperforschung, Stuttgart, F.R.G.

and J. Pannetier

Institut Laue-Langevin, 156X, 38042 Grenoble Cedex, France

Résumé. — La structure cristalline de SnS a été étudiée par diffraction neutronique entre 293 K et 1 000 K. Une
transition du second ordre de type displacif se produit 4 887 K entre la phase « (B16, Pbnm) et la phase f (B33,
Cmcm). Prés de la transition, le déplacement quadratique moyen des atomes Sn devient anisotrope et anharmoni-
que. Des expériences de diffraction de rayons X sous pression jusqu’a 340 kbar ont été effectuées sur des composés
semi-conducteurs IV-VI, PbS, PbSe, PbTe, GeS, GeSe, SnS et SnSe. PbS, PbSe et PbTe présentent une transition
de la phase du type NaCl (B1) & une phase orthorhombique (B33 ou B16) 4 une pression de 22 kbar, 45 kbar et
60 kbar, respectivement. Dans le cas de PbS et PbSe, la phase orthorhombique est de type TII (B33, Cmcm) ;
dans le cas de PbTe, il s’agit du type GeS (B16, Pbnm). PbS, PbSe et PbTe subissent une autre transition vers
la phase cubique de type CsCl (B2) a des pressions de 'ordre de 215 kbar, 160 kbar et 130 kbar respectivement.
Les composés orthorhombiques GeS, GeSe, SnS et SnSe ne présentent pas de transition de phase jusqu’a 340 kbar.

Abstract. — The crystal structure of SnS has been investigated as a function of temperature by elastic neutron scatter-
ing from 293 K to 1 000 K. SnS undergoes a second order displacive phase transition from the a-phase (B16, Pbnm)
to the high temperature p-phase (B33, Cmcm) at 887 K. The mean square displacement of the Sn atom which is
isotropic at room temperature becomes increasingly anisotropic and anharmonic near T Energy dispersive X-
ray diffraction experiments have been performed on IV-VI semiconductors PbS, PbSe, PbTe, GeS, GeSe, SnS and
SnSe as a function of hydrostatic pressure to 340 kbar. PbS, PbSe and PbTe undergo transition from the NaCl
type (B1) phase to the orthorhombic phases (B33 or B16) at about 22, 45 and 60 kbar, respectively. The orthorhombic
phases of PbS and PbSe have been found to be of TII type (B33, Cmcm) and that in PbTe has been found to be
GeS type (B16, Pbnm). PbS, PbSe and PbTe undergo further phase transitions to the cubic CsCl type (B2) phase
at about 215, 160 and 130 kbar, respectively. The orthorhombic IV-VI compounds GeS, GeSe, SnS and SnSe do
not undergo any phase transition up to 340 kbar.

1. Introduction.

The nine IV-VI semiconductors MX (M = Ge, Sn,
Pb; X = §, Se Te) are isoelectronic with the group V
elements and crystallize at ambient conditions with
three different structures which are analogous to those
of the group V elements. The lighter compounds GeS,
GeSe, SnS and SnSe crystallize with the GeS type (B16)
structure which is the binary analogue of the black
phosporus structure [1]. The heavier compounds SnTe,
PbS, PbSe and PbTe crystallize with the NaCl(B1)
structure [2], a binary analogue of the simple cubic
high pressure phase of the black phosphorus [3].
GeTe crystallizes with the rhombohedral structure
[4, 5] and is the binary analogue of the grey arsenic

structure (A7). Temperature and pressure induced
structural phase transitions in IV-VI semiconductors
have already been reported [6-11]. SnS and SnSe
undergo second order displacive phase transition from
the o-phase (B16, Pbnm) to the high temperature
B-phase (B33, Cmcm) at 887 K and 807 K, respectively
[7, 8). The lattice parameters a and ¢ continuously
approach the same value and at the critical tempe-
rature T, the axial ratio changes from a/c > 1 to
a;c¢ < 1. The positional parameters, determined from
the intensities of a few powder X-ray diffraction
lines, were found to change continuously as the critical
temperature was approached. However, this X-ray
investigation [8] was fraught with great difficulties
because of the high vapour pressures and chemical
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reactivities of SnS and SnSe in the temperature region
of interest. Therefore an accurate determination of the
temperature variation of the positional and thermal
parameters was not possible. In the present neutron
diffraction experiment it has been possible for us
to overcome these difficulties by using a larger single
crystal (4 mm x 4 mm x 4 mm) and investigate
accurately the variation of the positional and thermal
parameters of SnS as a function of temperature from
295 K to about 1 000 K. Pressure induced phase tran-
sitions in the cubic SnTe, PbS, PbSe, PbTe have been
studied by the volumetric [12, 13], electrical conduc-
tivity [14, 15] and X-ray diffraction methods [16-19].
It has been concluded from the high pressure X-
ray diffraction experiments that SnTe, PbS, PbSe and
PbTe undergo first order phase transition from the
cubic NaCl type (B1) phase to the orthorhombic GeS
type (B16) phase at about 18, 22, 43 and 40 kbar,
respectively. However, the assignment of the GeS
type structure to these high pressure orthorhombic
phases is not supported with convincing arguments.
None of these authors has considered the closely relat-
ed and more symmetric T11 type (B33) for a likely
candidate. In the present investigation we have re-exa-
mined the structure of the high pressure orthorhom-
bic modifications of PbS, PbSe and PbTe by high
pressure X-ray diffraction methods. We have extended
the pressure range of the previous high pressure X-ray
diffraction investigations (0-100 kbar) to about
340 kbar. We have also performed high pressure
X-ray experiments on the hitherto uninvestigated
orthorhombic IV-VI compounds GeS, GeSe, SnS
and SnSe. Results of these investigations will be
presented and discussed in this paper.

2. Experimental procedures.

Large single crystals of SnS and other IV-VI com-
pounds were grown from the gas phase [20]. The
crystals were cut to cubes and rectangular parallele-
pipeds of 3 to 4 mm in linear dimensions. The crystals
were cemented on to the tops of quartz rods and were
sealed inside quartz tubes under vacuum. The dimen-
sion of these quartz rods and tubes were chosen to
minimize the open space inside the quartz tube. The
crystals were mounted on the diffractometer D9 at the
hot neutron source of the high flux reactor of the Insti-
tute Laue-Langevin, Grenoble. The high temperature
was obtained by blowing hot air on the quartz tube
in which the crystal was sealed. The temperature of the
sample was determined by comparing the lattice
constants with those of the reference [7).

Synthetic single crystals, which were about 2 mm in
linear dimensions in the case of PbS, PbSe and PbTe
and about 3 cm in the case of GeS, GeSe, SnS and SnSe
were-cut and ground to fine powders for the high
pressure X-ray diffraction investigations. High pres-
sure was generated in a gasketed diamond anvil cell
[21]. The pressure generated was measured by the
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well-known ruby fluorescence technique [22]. X-ray
diffraction patterns were obtained at room tempera-
ture in the energy dispersive mode.

3. Temperature induced second order phase transition
in SnS.

Figure 1(a) shows the variation of the lattice constants
of SnS with temperature. It is seen that the lattice cons-
tants ¢ and ¢ approach each other continuously as the
critical temperature T, is approached whereas b
increases continuously. At T the axial ratio a/c chan-
ges from a/c > 1 to a/c < 1.

Figure 1(b) shows the variation of the positional
parameters of Sn and S atoms with temperature. It
is seen that these parameters change continuously
and approach those of the S-phase. Figure 1(c) shows
the variation of the thermal parameters of the Sn and S
atoms with temperature. At room temperature the
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Fig. 1. — Variation of (a) the lattice constants, (b) positional
and (c) thermal parameters of the Sn and S atoms of SnS
as a function of temperature. The continuous variation of
the lattice constants and positional parameters indicate
that « — B transition in SnS is second order in character.
At the critical temperature T, = 878 K the axial ratio
a/c changes from a/c > 1 to a/c < 1. The phase transition
is accompanied by the movement of the Sn and S atoms
almost entirely along [001] direction. Vibrational amplitudes
of the Sn and S atoms become very large near T_.. A zone-
centre optic A, phonon is expected to soften as T, is appro-
ached.

components of the thermal ellipsoid U,,, U,, and
U,, of the Sn and S atoms are practically the same.
However at higher temperature the anisotropy in the
thermal parameters becomes pronounced. In the
case of Sn atoms the component U,; becomes much
larger than U,, and U,,; at higher temperatures.
In the case of S atoms U,, and U,, becomes larger
than U,,. The principal axes of the thermal ellipsoid
almost coincide with those of the crystallographic
axes (U,, ~ 0). We have refined the crystal structure
of B-SnS and have verified the results of the refe-
rence [8]. However, the positional parameters are
more accurate in the present investigation and the
lacking information of the thermal parameters of
B-SnS has been obtained.

4. Pressure induced phase transition in PbS, PbSe and
PbTe

Figure 2 shows the variation of the interplanar dis-
tances of PbS, PbSe and PbTe as a function of pres-
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Fig. 2. — Variation of the interplanar distances d of PbS,
PbSe and PbTe as a function of pressure. For all of these
compounds d-P curves have two discontinuities. The dis-
continuities at the lower pressures have been interpreted
as the first order structural phase transition from the NaCl
type (B1) to the orthorhombic (B16 or B33) phase whereas
the discontinuities at the higher pressures have been inter-
preted as the first order phase transition from the ortho-
rhombic (B16 or B33) to the CsCl type (B2) phase. Because
of the presence of the wide two phase regions the critical
pressure for these phase transitions can only be roughly
estimated.
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sure. In all these curves we observe two prominent
discontinuities. The discontinuities which occur at
about 22, 45 and 60 kbar for PbS, PbSe and PbTe,
respectively, correspond to the first order phase tran-
sition from the cubic NaCl type (Bl) phase to the
orthorhombic phase. The discontinuities at higher
pressures have been interpreted as the first order
structural phase transition from the orthorhombic
to the CsCl type (B2) phase. Wide two phase regions
exist for these phase transitions and critical pressures
can only be very roughly estimated. These critical
pressures for the transition from the orthorhombic
to the CsCl type phases have been estimated to be 215,
160 and 130 kbar for PbS, PbSe and PbTe, respecti-
vely. The orthorhombic to the CsCl type transitions
in PbS, PbSe and PbTe have been observed by us for
the first time to our knowledge [23]. However, this
phase transition in PbTe has been also reported by
Fuji et al. [24]. Figure 3 shows the variation of the
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Fig. 3. — Variation of the interplanar distances d of the
orthorhombic I1V-VI compounds GeS and GeSe as a
function of pressure. Absence of discontinuity indicates that
GeS and GeSe retain their orthorhombic (B16) structure
up to about 340 kbar. Similar results have been obtained
for SnS and SnSe.
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interplanar distances with pressure for the orthorhom-
bic IV-VI compounds GeS and GeSe. No discontinui-
ties have been observed for these compounds and also
for SnS and SnSe to about 340 kbar. The orthorhombic
IV-VI compounds retain their crystal structure up to
about 340 kbar. Figure 4 shows the variation of the
volume as a function of pressure for PbS, PbSe, PbTe
and GeS. The bulk modulus B, and its pressure deri-
vative Bj at P = 0 obtained by fitting Birch equation to
the volume — pressure data are given in table I. The
orthorhombic GeS, GeSe and SnSe and the high
pressure orthorhombic modifications of PbS, PbSe
and PbTe have comparable bulk modulus. The NaCl
type phases of PbS, PbSe and PbTe have lower bulk
moduli compared to the orthorhombic modifications
whereas the CsCl type phases have higher bulk moduli.
The pressure derivative of the bulk modulus B at
P = 0 is almost the same for all phases of the IV-VI
compounds with the average value of about 5.

Table 1. — Bulk modulus B, and its pressure derivative
B at P = 0 for IV-VI compounds.

B, B,

Compound (kbar) B, Compound (kbar) B,
GeS 583(4) 5.0 PbS (NaCl) — —
GeSe 475(4) 5.1 PbSe(NaCl) 288 4.1
SnSe 503(5) 6.3 PbTe(NaCl) 389(1) 5.4
PbS (orth.) 622(8) 4.2 PbS(CsCl) 1890(6) 4.8
PbSe (orth.) 730(9) 4.5 PbSe(CsCl) 1969 5.0
PbTe (orth.) 368(2) 4.5 PbTe(CsCl) 381(6) 5.4

We have compared the observed and calculated
intensities of the diffraction peaks of the high pressure
orthorhombic modifications of PbS, PbSe and PbTe.
The calculated peak positions and intensities have
been obtained from two different structure models —
the GeS type (B16) and the TII type (B33). The pro-
jections of these two types of structures along [001]
direction have been shown in figure 5. A careful com-
parison of the peak positions and intensities suggest
that the high pressure orthorhombic modifications of
PbS and PbSe have the TII type (B33) structure and
not the GeS type (B16) as the previous authors [16-18]
have suggested. The orthorhombic PbTe has, however,
the GeS type structure. In the case of orthorhombic
PbS and PbSe we could not identify any reflection
with & + k = 2n + 1 characteristic of the GeS type
structure. GeS and TII type structures are closely
related. TII type (B33, Cmcm) is more symmetrical
and possesses C face centring whereas the GeS type
(B16, Pbnm) has a primitive lattice. It is to be noted
that SnS and SnSe undergo a second order displacive
phase transition from the GeS type a-phase to the
TII type fB-phase [8, 10]. However, the conventional
energy dispersive high pressure X-ray diffraction tech-
nique has low resolution and the intensities can be
obtained only approximately. We therefore plan to
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a-SnX

Fig. 5. — Projection of the structures of the high tempera-
ture B (TII type, B33) and the low temperature modifica-
tion o (GeS type, B16) of SnS and SnSe along [001] direction.
The interatomic distances shown in this figure have been
explained in the reference [8]. The change in these interatomic
distances at the phase transition has also been explained
in the same reference.

re-examine the structure of the high pressure modifi-
cations of PbS, PbSe and PbTe with synchroton
radiation.

5. Structural stabilities of IV-VI compounds.

Temperature induced structural phase transitions in
IV-VI compounds have been discussed by several
authors [1, 4-9, 25, 26]. Wiedemeier and von Schner-
ing [1] and von Schnering and Wiedemeier [8] have
concluded that with increasing temperature the general
trend in structural stability for the IV-VI orthorhom-
bic compounds is Bl16 — B33 — Bl whereas the
rhombohedral GeTe transforms to the NaCl (B1)
type in one step [4, 5]. Among the orthorhombic IV-VI
compounds SnS and SnSe undergo second order phase
transition from GeS type (B16) phase to the TII type
(B33) phase at 887 and 807 K respectively [6, 8]. GeSe
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transforms at 924 K in one step to the NaCl type
phase whereas GeS melts at 931 K before the possible
transition to the NaCl structure [6, 9]. The mechanism
of the second order phase transition in SnS and SnSe
is of special interest. As is illustrated in figures 1 and §
this phase transition is caused by the continuous
movement of the Sn and S atoms mainly along [100]
direction. The thermal parameters U,, of the Sn
atoms increase anomalously and this indicates ano-
malous increase in the vibrational amplitudes along
[100] direction. Softening of a zone-centre optical
A, mode (intralayer) is expected as the critical tempe-
rature T, is approached.

The observed trend of the structural stability with
pressure (GeTe type — Bl — B16 or B33 - B2) in
IV-VI compounds is approximately consistent with
that with temperature (B16 — B33 — B1) assuming
that increase in pressure is approximately equivalent
to decrease in temperature. One can even understand
this behaviour on the basis of the St. John Bloch
plot [26, 27] for the IV-VI compounds and group
V elements, using the bond orbital coordinates of
Chelikowsky and Philips [38]. These bond orbital
coordinates 7, and r !, defined in the reference [26],
represent ionicity and covalency, respectively. We
notice that the Bl — B16 or B33 phase transition
involves increase in covalency whereas GeTe — Bl
phase transition involves increase in ionicity.

Pressure induced Bl — B2 transition is well known
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and is present in many compounds including NaCl
itself [29]. However, in the present investigation we
have established that Bl — B2 transition may take
place indirectly through an intermediate B16 or B33
phase. This trend is not restricted to the IV-VI com-
pounds and has also been observed recently in NaBr
and Nal [30]. Whereas NaF and NaCl transform
directly to the CsCl type phase at about 300 and
270 kbar, respectively, NaBr and Nal transform to the
GeS type phase at 290 and 260 kbar, respectively [30].
At higher pressures NaBr and Nal might transform
ultimately to the CsCl type phase. We therefore con-
clude that the general trend of pressure induced
structural phase transition is Bl — B16 or B33 — B2.
This is also expected if one looks closely at the geo-
metry of these structures — TII type structure can
be shown to be a logical intermediate between Bl
and B2 phases [1].
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