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It Is discussed that the local movement of the

off-center Ge2+ Ions strongly enhances the transi
tion temperature T^ In Pb]__xGexTe. The measured
dielectric constant Is analyzed by the present
model. The resistivity anomaly near Tq Is
studied at stresses along <100>, <110> and <111>
crystalline directions. We also Investigated the
band edge structure In the low temperature phase.
We found a novel phase transition In the layered
semiconductors of the GeSe-SnSe system.

I. Introduction

Among IV-Vl compound crystals, lead chalcogenldes(PbTe, PbSe, PbS),
SnTe, GeTe and their alloys are well known narrow gap semiconductors
which are very useful and Important materials for Infrared lasers and
detectors with tunable wavelengths by temperatures[1]. We will now
focus our attention on another aspect, namely the lattice Instability,
of these materials Including a group of GeSe, SnSe, SnS and GeS which
has an orthorhomblc structure In contrast with a NaCl type or a rhom-
bohedral structure of the former. (Pb,Sn,Ge)Te crystals take either
a NaCl or a ferroelectric rhombohedral type structure at the absolute
zero depending upon alloy compositions. With Increasing temperature,
a distorted crystal transforms to a NaCl one at a second order or
nearly second order transition temperature T^. The ferroelectric
structural phase transition problem has a long history since a sug
gestion of a large static dielectric constant Eg In PbTe[2] and suc
ceeding measurements of Sg In an abrupt Junction diode capacitance[3],
and by magnetoplasma excitation spectra[4] which were consistent with
the discovery of the soft TO modes at the f point[5]. The stability
of group V elemental crystal structure (As) and IV-Vl compound (GeTe)
was discussed with a pseudopotentlal method, where It was pointed out
that the relative f.c.c. sublattlce displacement u Is predominantly
Important and the rhombohedral distortion ej_j Is a secondary effect
[6]. Following this, the displacement along a <111> direction was
measured[7]. Many band structure calculations have been made In aver
age V crystals[8-10]. A new attention was directed to the lattice
Instability In (Pb,Sn,Ge)Te, since a detailed study of temperature
dependent capacitance measurement was made for graded Junction diodes
[11]. The mechanism of the phase transition has been Investigated by
means of resistivity anomaly, dielectric constant measurements, ultra
sonic propagations, Raman scattering and optical dielectric constant
too anomaly as well as x-ray and neutron diffractions[12]. An Impor
tance of Interband electron-TO phonon Interactions[13-15] was claimed
In the PbTe-SnTe system where the minimum energy gap becomes zero at
a certain composition and temperature[13]. It was revealed, however,
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that the zero gap effect on the lattice instability is very small due
to the small density of states at the band edge[l6]. The renormal-
ized TO phonon frequency is decomposed as

"to " "*■ ~

where -Aoo^ is due to the interband electron-TO phonon interactions,
0) 2 a certain positive term. The temperature dependence of wipQ
mainly comes from the phonon-phonon interaction term a);^^(T). The
transition temperature may be determined by u)mQ=0 in eq. (1). The
physical quantities are gradually changed with composition x in
Pbi_xSnxTe, where the deviation from the stoichiometry increases up
to ""1%. The free carriers are supplied by the defects due to the de
viation. Apparent carrier concentration dependences of and Tq
have been interpreted by the electron-TO phonon interaction mechanism
[17]. The effects of defects may not be, however, overlooked in the
lattice instability[l8]. In Pbi_xGexTe, the transition temperature
rapidly increases with increasing Ge content x [19]. The resistivity
anomaly cannot be fully analyzed by a carrier-soft phonon scattering
mechanism[20,21] as attempted in SnTe[22]. The fact that the minimum
band gap increases with x in Pbi_xGexTe[23] suggests us that the lat
tice instability is essentially determined by excitations over
an average gap or a bond gap[23,24], since the larger minimum gap
would lower the transition temperature by the interband contribution
-Ao)^ near the band edge. A 'bonds and bands' picture such as a spec-
troscopic approach is successful in understanding the crystal stabil
ity in <V> crystals[25-27]. The large transverse effective charge
has been interpreted[27-29]. The (Ge,Sn)-(Se,S) system forms appar
ently quite different universe from lead chalcogenides, SnTe, GeTe
and their alloys which has about 1 eV minimum gap[30].

In this paper, we will report our recent investigations of the
mechanism of the phase transition in the PbTe-GeTe system where we
direct our attention to an important role of Ge ions in the lattice
instability and effects of crystal distortions on T^ and the band
structure below T^. The newly observed anomalies in resistivity and
Raman works in the GeSe-SnSe system will be briefly presented.

II. Phase Transition in Pb^_^Ge^Te
1. A Role of Ge Ions on Structural Instability

A nEimber of apparently different features have been observed about
the phase transition in Pbi_xGexTe[19-21] in comparison with
Pbi-xSnxTe. The transition temperature drastically increases from
zero to 220K with increasing x up to 0.1. Moreover the temperature
dependence of the inverse static dielectric constant l/eg shows a
significantly different behavior from that of Pbi_xSnxTe[31]. The
electrical resistivity anomaly cannot be fully explained by a simple
theory with the scattering of carriers from the soft TO phonons[20,21]
which reasonably reproduced the anomalous increment Ap of the resist
ivity near Tc in SnTe. These effects positively suggest an importance
of the role of germanium atoms in the alloy[32]. The Ge ions may be
unstable to the displacement from the substitutional cation sites,
because of the small ionic radius of Ge^ (0.73a) compared with that
of the Pb2+ ions(1.2X). The local dipole arises from the displace
ment. We imagine that the dipoles due to the off-center Ge ions in
teract with each other through the lattice polarization field(optical
phonons) of a modified PbTe medium as well as via the pure dipole-
dipole coupling. At low temperatures the dipoles may be put in order
promoted by the softening of the TO phonons in the medium. Conversely,
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an Instability of the medium NaCl type lattice comes to be enhanced
by the dlpoles. There may appear eight equivalent off-center posi
tions along <111> directions. For simplicity the present system may
be reduced to the coupled system of the pseudospln with the optical
phonons assuming the dynamics of the Ge Ion In a two-well potential
along a particular <111> direction parallel to the relative displace
ment of sublattlces. The germanium Ion may transfer from one well to
the other by Interactions between Its local dlpole and the lattice
polarization through the local field. The tunneling mechanism may
not be precluded for the transfer.

The phase transition temperature Tq Is determined by the equation:

(G/E„)tanh(E„/k„T^)
0  0 D C

(2)

Instead of eq. (1), where G Is a parameter of the dlpole-dlpole
Interactions determined by the lattice polarlzablllty and the local
dlpoles; Eq the renormallzed transfer energy between wells. The
solid line In Flg.(l) Is the calculated phase transition temperature,
The squared TO phonon frequency (x,T) In the medium Included In
G Is assumed to be expressed as

TO
= a{T^coth(T^/T) - T^(x)}

with

T„ = (l-x)T
c  C

PbTe

PbTe
+ xT

GeTe

(3)

(4)

The value Tq =-77.5K Is a typical Curie temperature of PbTe[ll,30],
and T. ® ® Is chosen to be the phase transition temperature 67OK In
GeTe[19]. Parameters, a and Tn, were obtained to reproduce (l/e„) of
PbTe In Fig. (2): oi=l. 02 x io23trad/sec) and Ti=37. SKC-vT^/i;) . The
relative magnitude n of the pure and phonon mediated dlpole-dlpole
Interactions Is chosen to be 0.3^5 to adjust the calculated Tq with
the experimental data at x=0.01 and 0.1. At Eq=1K, the composition
Xq, X at Tq=0, Is 0.00026. In order to fit Xq with the observed
value Xq=0.005 as shown In the broken line below x=0.01, Eq must be
taken to be 19.3K which seems to be an unreallstlcally large value.
There may be additional or alternative mechanisms such as a percolation
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effect to understand the strong deviation of Tq from our mean field
values In the dilute region.

The dielectric function above Tc was derived by evaluating the
dlpole-dlpole correlation functions In a mean field scheme[32]. The
dielectric function Is apparently expressed as a sum of the lattice
and the local term due to the collective motion of Ge^ Ions. In the
static limit (w->0), the function Is given as

1/e (0) = (1/e ){1 - (G/E^)tanh(E^/kgT)}

and "vd/e )(1 - T /T),
S

(5)

(6)

where l/cg Is the static dielectric constant due to phonons. The
Inverse dielectric constant was measured by means of mm-wave magneto-
plasma reflection as shown In Fig.(2). The solid curve shows the
calculated value. For PbTe the curve has been fitted with data with
a Debye model (T£)=150K) [31] which Is similar to eq. (3) by an
Einstein model. The calculated curve reasonably predicts l/eg(0)
for the data at x=0.005 and 0.01 above T^. Below Tc, we need more
detailed analysis.

2. Effect of External Fields

We studied the resistivity anomaly In
Pbi_xGexTe(x=0.035 0.05) near the transition
temperature T^ at stresses up to 500kg/cm'^
along <100>, <110> and <111> crystalline di
rections with currents parallel to the stress
es. A peak shift with a simultaneous reduc
tion of the anomaly was observed at unlaxlal
stresses as shown In Fig.(3). The peak shifts
linearly with stresses, the slope of which
Increases In sequence as <100>, <110> and
<111> directions. These are related with the
complete softening of the TO phonon modes
whose polarizations are perpendicular to the
stresses. The anlsotroplc TO phonon frequen
cies and order parameters were calculated In
the framework of the Landau free energy expan-
slon[33] at stresses along the particular
crystalline directions. The reduction of Ap
may be ascribed to the appearance of Incomplete
soft TO phonons with polarizations not In the
perpendicular plane. The experimental stress
dependence of Tc In different stress direc
tions, however, could not be fully predicted
by the calculation with up to fourth order
terms of macroscopic coordinates; shift of Tq
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Fig. 3 Increment
of resistivity Ap
near Tc for differ
ent stresses: The
ordlnate Is of an
arbitrary scale.
The difference of
peak position at
zero stress(broken
lines) are due to
a small difference
of X "v 0 .05 In
specimens

per lOOkg/cm"^ was estimated as, 0.5, 1-1 and
1.8 by the experiment; -0.2, 1.3 and 0.8 by
the calculations for <100>, <110> and <111>
stress directions; and -2.0(calculatlon) for
hydrostatic pressures. There should be the

relation 3ATc(lll)=ATc(001)+2AT5(110), but the experimental data do
not obey It. The discrepancy might be ascribed to the critical fluc
tuation and/or an effect of sixth order terms. In fact we confirmed
an Importance of the sixth order terms In the bias dependent capaci
tance of the graded p-n Junction with (100), (110) and (111) surfaces
In Pbn_x'^®xT®* addition, we found that the capacitance anomaly
shows distinct twin peaks for the (111) plane junction at 100 kHz,
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which may be associated with the critical slowing down of the local
dlpoles In section 1. The critical behavior of the elastic constants
Is apparent In the ultrasonic measurements[33]•

3. Distorted Perml Surfaces below T
c

Below T|3j the static relative displacement 3 of sub lattices along
a <111> direction grows with the simultaneous rhombohedral shear

(e;LJ~^S' ) and dllatlonal strains 1=J ) • The band edge
structure Is modified by the distortions. The four equivalent val
leys at L-polnts In a NaCl structure should split Into a couple of
singlet (s) and triplet (t) valleys with a lift of the Kramers degen
eracy due to the broken Inversion symmetry of the crystal except for
just on the T and L points. The Perml surfaces are distorted from
ellipsoids of revolution and the carrier redistribution occurs among
these nonequlvalent valleys. We calculated the modified band edge
structure taking Into account the optical deformation potential term
cu=(gradi5V)-u as well as the strain terms with a six band model,
using the wave-functions by Mitchell and Wallls[3i(].

There are two possible origins for the Increment of minimum gap Eg
below Tc which was observed In the optical experiments for specimens
(x=0.015 0.07) [23],. One Is 6Eg(ej^j) due to the strains ej_i whose
deformation potentials are not available In Pb]__xGexTe, but we may
use the corresponding ones In PbTe where the shear deformation poten
tials are^posltlve both for conduction and valence bands. The other
Is 6Eg(u,kg ) from the relative displacement u which generally shifts
the band extrema itgx the L and T points. The remote band para
meters act Importantly on 6Eg(3,itg„). We estimated the value Hu, as,
0.05, 0.10, 0.12 and 0.17 for specimens with x=1.5, 3.0, 5.5 and 7.0,
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rier density "uO . 88 x I0^7cm~3, EQ=6.2meV,
Ei3 = 2. 9nieV(band minimum along the dotted
line) K'L 4 and Ep=12meV. Two hollows are
seen at the top and bottom of the surface,
(b) the smaller at the s-valley; with
carrier density 0.4 xlolocm"'^ Eo=6.2meV
(minimum), K 33 and Ep=12meV. (c) the
larger surfaces In the t-valley; with
carrier density 1.23 x iol7cm~3 k=11 "u 16
and Ep=l6meV, Eg=3.5ineV, (0)l«6meV,
(0)1.4meV(mlnlmum). (d) the smaller
surfaces In the t-valley; with carrier
density 0.22 xiol7cm-3, Eo=3.5meV(mlnl-^ \J • ̂  ̂ ^ CJQ'

mum): Ep=l6meV and K=8 -v 11
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respectively, by analyzing the increment of_^the optical energy gap
AEg below Tq in such a way as putting 6Eg't(u)=AEg -^SEg (eij) the
triplet valley, since 6Egt(5) is smaller than 6EgS(u).

The Fermi surfaces at the low temperature phase were investigated
by the Shubnikov-de Haas (SdH) effect at 4.2K in high mobility and
homogeneous single crystals with relatively low Tc( = 30 50K). There
appeared 'knotty' oscillations both in n and p type Pb-i_^Gej^Te (x-
0.0125 and 0.015). Figure (4) shows the typical SdH signal, where a
background transverse resistance is properly subtracted. There seems
to be more than one SdH series even in H// <100> due to the lattice
distortions which may indicate the modification of the band edge
structure. It should be emphasized that the lift of the Kramers
degeneracy due to fi makes two kinds of the Fermi surfaces in the s-
and t-valleys. The prominent oscillations were assigned to larger
Fermi surfaces at t-valleys both in n- and p-type specimens. The
carrier concentration of the valley N'(or P') was obtained with an
assumption that the Fermi surface is still an ellipsoid of revolution
with a mass anisotropy factor K-v-lO. The parameter Hu was again es
timated, as 0.03 and 0.04 for specimens, x=0.0125(n), and 0.015(n & p),
respectively, with the total carrier concentrations by the Hall meas
urement, using the analytic form of the band edge structure. Our
experimental six band parameters[35] were used for the calculation of
Fermi surfaces below Tq which are exhibited in Fig.(5) for the speci-
men(x=0.015, n=5.4 x10l7cm~^). Since the deformation is small in our
specimens with the low Ge compositions, the Fermi surfaces of the
down-state in the triplet valleys may be approximately regarded as an
ellipsoid. The mass anisotropy is expected to be K=ll'\'l6. While
the large volume s-valley surface is surprisingly distorted and the
small s-surface has a strong mass anisotropy K'\'33. These features
are consistent with the identification of the prominent SdH frequency,
since the down state in the t-valleys has a smaller distortion from
the ellipsoid of revolution, and a larger volume. The .cyclotron mass
m* was calculated for the t-valleys each of which increases by '\'30^
at 4.2K compared with the value at T^. Such phenomena were observed
by far-infrared magneto-reflection spectra, where the several magnet
ic quantum transitions appeared due to a modification near band edges
[35]. With increasing x, the Fermi surfaces are tremendously deform
ed with caves. From the above Eu values, the optical deformation
potential E is estimated to be 15 ''' 20 eV using an estimation of u^
[33]. The value is comparable with 21eV by the resistivity anomaly
[20] and 20 V 2)8 eV by shifts of T^ with magnetic fields [21].

III. A Phase Transition in the GeSe-SnSe System

Anomalous behaviors in low temperature resistivities and Raman
spectra have been investigated in p-type GeSe and SnSe, each of which
has been known to be an orthorhombic structure with double-layer
plane&(Dp^) at room temperature[36]. In GeSe, a resistivity hump
appears ranging between 100 and 200 K with a peak at near 160K as
shown in Fig.(7). The resistivity shows hysteresis in the range be
tween 100 and 200 K under a slow temperature-sweep. The anomaly is
mainly due to free carrier density change The room temperature car
rier densities are of the order of 10 'cm ^ or less. The Hall mobil
ity assumes near T-1-5 law at T a. iBOK and the temperature dependence
becomes less steep below 15OK such as T~l. It seems that a phase
transition occurs near at I85K. The resistivity anomaly is more
distinct for a good specimen with higher room temperature carrier
concentrations.

New Raman lines typically in the Ag mode configuration grow weakly
at 89, 202 and strongly at 228cm~^ at low temperatures accompanied by
enhancement of the layer breathing mode (l80cm~l) intensity as given
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to a small relative displacement of the
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spectra. There are also indications of
a transition in SnSe below 50K. The

carrier density change due to the phase transition in GeSe might be
attributed to a carrier localization along domain boundaries. The
Raman spectra are rather insensitive to the room temperature carrier
concentrations. A change of mobility slope below the transition
temperature suggests a modification of the band edge structure. The
anomaly near the absorption edge[30] may be due to the band edge
transformation.
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We presented various experimental works about lattice instabili
ties in IV-VI compound semiconductors which might help to realize the
present situation of the topics, though there remain much discussions
and unmentioned works by others as well as by us.
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