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Soft-Phonon-Induced Raman Scattering in IV-VI Compounds
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At both the cubic-rhombohedral phase-transition temperature T, and the 'zero-gap tem-
perature T&, anomalous increases in. Raman intensities are observed in Pb& „Sn„Te
(for x =0—1) single crystals. These are attributed to Raman. scattering enhanced by the
softening of the TO phonon near T and also allowed by enhanced interband-mixing effects
near T&. These interband-mixing effects not only enhance the Raman intensity, but also
increase T .

We have observed anomalous increases in Ra-
man intensities in Pb, „Sn„Te single crystals with
various composition x =0-1 at both the cubic-
rhombohedral phase-transition temperature T,
and the band-inversion temperature T, where the
band gap becomes just zero. These anomalous
increases are attributed to Raman scattering,
which is forbidden in the high-temperature phase
of NaCl-type structures, induced mainly by the
fluctuation of the order parameter enhanced by
the softening of the TO phonons near T, and also
induced by enhanced interband-mixing effects
near the zero-gap temperature T&.

The displacive phase transition in narrow-gap
semiconductors such as PbTe and SnTe at low
temperatures is an interesting phenomenon in
which interband-mixing effects may play an im-
portant role. ' In this Letter, in order to investi-
gate the effects of interband mixing on the phase
transition, Raman spectra and their temperature
dependences have been systematically studied in
the Pb, „Sn„Te pseudobinary alloy whose band
gap varies with x.

The Raman scattering spectra were taken with
a Cary-82 Raman spectrometer using a CR-50
Kr-ion laser. The measurements were made in
a backscattering geometry for (100}or (110}sur-
faces of Pb, „Sn„Te single crystals (x =0, 0.24,
0.39, 0.43, 0.54, and 1.0) at temperatures of 10-
300 K using a Cryo- Tip variable-temperature
Dewar. The crystals were grown by a solution
growth or Bridgman methods. Wafers of SnTe
were mechanically polished, chemically etched
for a few minutes with a solution consisting of six
parts by volume CH, COOH, three parts 70%%uo HNO„
and one part 50%%uo HF, and finally rinsed with
methanol. ' Chemical etchant for Pb, „Sn,Te g- 0.95) was a solution of one part HBr with Br„
and one part methanol. Chemical etching is one
of the most important processes for preparing
the excellent surface from which the stable and
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FIG. 1. Temperature dependence of Raman intensity
of the 131-cm peak in two SnTe crystals with different
carrier concentrations. Inset: Stokes-Raman spectra
from SnTe at 10 K.

intense Raman signal comes. The chemical etch-
ing and rinse with methanol were made just be-
fore setting the sample in the Dewar.

An example of Stokes-Raman spectra from SnTe
at 10 K is shown in the inset of Fig. 1. The Stokes-
Raman spectrum consists of bvo peaks at 131 and
147 cm '. The intensity of the 131-cm ' band is
about twice that of the 147-cm ' band, and the
widths of both bands are about V cm '. Brillson,
Burstein, and Muldawer' have previously report-
ed a peak at around 132 cm ' with a width of 21
cm '. This might be the envelope of our two

peaks. The stronger peak at 131 cm ' is assigned
as the Raman peak of unscreened LO phonons
near the F point, ' while the weaker peak at 147
cm ' is tentatively assigned as overtones of TQ
phonons near the X points where the state density
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of phonons is maximum. '
Peak positions and bandwidths vary very slight-

ly as functions of temperature. The Haman inten-
sity of the 131-cm ' peak for two SnTe crystals
with different carrier concentration is shown as
a function of temperature in Fig. 1. The bulk
phase-transition temperature T, strongly depends
on carrier concentration. ' As seen in Fig. 1, the
temperatures at which the Raman intensity be-
comes maximum are the same in bvo SnTe crys-
tals, and coincide with the phase-transition tem-
perature T„for zero carrier concentration. ' The
penetration depth of the incident laser light is es-
timated to be about 100 A and it is of the same
order as the thickness of the depletion layer in
PbSnTe samples with carrier concentrations of
10"-10' cm ' and with large dielectric constants
of 10'-10'. These facts suggest that the Raman
signals come from the surface depletion layer.

Because SnTe has the NaC1 structure above &„
first-order Raman scattering is forbidden at
temperatures above T,. The Raman intensity
should increase with decreasing temperature be-
low T„as schematically shown in Fig. 2, curve
a. In contrast to this expectation, Baman scatter-
ing was ach~~lly observed above T,. Moreover,
it was enhanced anomalously near T,.

We now consider the possible reasons for these
anomalous behaviors. First, the surface elec-
tric-field-induced Raman- scattering mechanism'
should be examined because the Raman signal
comes from the surface depletion layer. We con-
sider this effect as due to the atomic-displace-
ment mechanism because the TO-mode frequency
is low and the field-induced displacement becomes
relatively large. Curve b in Fig. 2 shows the
qualitative temperature dependence of the Baman
intensity which is a result of self-consistent cal-
culation of polarization and displacement induced
by the surface field taking into account the effects
of TO-phonon softening. Within this model, an
a,noma. ious kink at the T, is expected. However,
the peaking of Raman intensity is not explained
in this model.

Second, we consider the soft-phonon-induced
mechanisms. Since the peak position and the
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FIG. 2. Schematic temperature dependences of Ha-
man intensity caused by static displacement by the
phase transition (curve a), surface-field-induced dis-
placement (curve b), fluctuation-induced displacement
enhanced by softening of TO phonons (curve c), and
combined surface-field and fluctuation effects (curve d).
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Using the approximate wave function (1), the Ra-
man-scattering probability Rqo, which is propor-
tional to the square of the electron-LO-phonon
matrix element M, is obtained as

bandwidth of the observed Raman spectrum,
which should vary depending upon temperature
especially near T', when the two-phonon Inechan-
ism dominates, change very little in the wide
range of temperature, the observed Raman peak
cannot be attributed to two-phonon scattering
mechanisms involving both LO and TO phonons.
Therefore, as a simplest case of the soft-phonon-
induced Raman scattering mechanisms, we con-
jecture that softening of TO modes will allow
first-order Raman scattering by I 0 phonons
through enhancement of fluctuations of the order
parameter near T,. To treat this model rigor-
ously, one would have to obtain the vibronic
state of the electron-soft- 70-phonon system.
For simplicity, however, we take the effect of
soft TO phonons into account as the mixing of
valence-band (V) and conduction-band (C) char-
acters. Within the two-band approximation, the
valence-band wave function

I
V') is expressed as'

+Lo~ l~l' = ICV'l&r. ol V'
&I

' = &Vl&r. ol V) +&Vl&x, ol C& 2 & @
+ ~

&vlx„lc& '
C F

The first term vanishes in the NaCl structure as described previously. The second term can be eval-
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uated within the deformation-potential approximation. Then, RLO is expressed as

—/(VlX«lC)l', for T&T. ,
/

&c-&»'T-T.
R„occ

T- l(VIX„olC)l', for T &T, ,&2 Ec E»-T —T

where u&»'=C(T —T,). This relation explains
the enhancement of the Raman intensity at the
temperature T' —T, as schematically shown by
the curve c in Fig. 2. Furthermore, this rela-
tion predicts that the Raman intensity should be
enhanced at T =T, where the band gap E& be-
comes zero.

In order to elucidate this enhancement near T„
the temperature dependence of the Roman spec-
trum was measured for Pb, „Sn„Te with various
compositions. As is seen in Fig. 3, the Raman
intensities are enhanced anomalously at tempera-
tures T= T, as well as T= T, .

In kg. 4 the phase-transition temperature T,
(dotted open circles) and the band-inversion tem-
perature T, (open circles) obtained in this study
are shown together with the values obtained by
other methods. "" The small filled circles,
which were determined from capacitance experi-
ments with P-n junctions, " should correspond to
the phase-transition temperature for zero carrier
concentration T,o. As mentioned before, the T„

determined by the present Raman experiment is
equal to the T„ in SnTe. As seen in Fi.g. 4, the
T,'s obtained in this study and the T„'s men-
tioned above fall naturally along the same curve
when plotted versus the composition x. This
means that the phase-transition temperature T, 's
obtained here by Raman experiment correspond
to the T„'s for zero carrier concentration and
thus the carriers in PbSnTe are depleted at sur-
face.

T~ increases with increasing x showing a tem-
perature kink at around x=0.47 where T,o coin-
cides exactly with T,. This suggests that the de-
crease in band gap E~ raises the phase-transition
temperature remarkably. This postulate may be
discussed in terms of the same soft-TO-phonon-
electron interaction mentioned above. The TO-
phonon frequency renormalized with the TO-pho-
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FIG. B. Temperature dependence of Baman intensity
of the 131-cm peak in Pb& „Sn„Te on composition x.

&IG. 4. Phase-transition temperatures T~0 for zero
carrier concentration and band-inversion temperatures
are shown as functions of composition x for Pb~ „Sn„Te.
Data points T~ s (0) and T,o's (0) were determined in
this work. The T& s [Cl (Ref. 4), A (Bef. 5), x (Bef. 6),
and + (Bef. 7)] and the T 0 s t (Bef. 8) and ~ (Bef. 2)]
were obtained by other investigators.
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non —electron interaction co To is expressed as4

To To (2 )3

hD' p (E)dE
2MV.. E ,-2E ~ (4)

N. Kristoffel and P. Konsin, Phys. Status Solidi 21,

where u is the bandwidth. This equation indicates
that the cD&0 can most easily become negative
near E& =0. This means that T„peaks at around
x = 0.47 and coincides exactly with T b.

In summary, an anomalous increase in Baman
intensity due to unscreened LO phonons was ob-
served at both temperatures T, and T„which cor-
respond to the displacive phase transition and the
band inversion, respectively. It is shown that the
electron-soft- TO-phonon interaction plays an im-
portant ro1.e in the displacive phase transition in
PbSnTe.
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Lattice-constant measurements of epitaxial solid krypton monolayers adsorbed on the
basal plane of graphite reveal an apparently second- (or higher-) order structural phase
transition from an in-registry (~3x V3)30 structure to an out-of-registry compressed
structure. Measurements as a function of equilibrium vapor pressure were made with a
high-resolution, low-energy-electron diffraction apparatus for three temperatures near
57 K. Indirect evidence for spatial modulation of the compressed structure by the sub-
strate potential is presented.

We show here that a sobd Kr layer adsorbed on
the basal plane of graphite undergoes an apparent-
ly second- (or higher-) order phase transition
from an in-registry, (&3&W3)30' structure to an
out-of-registry, compressed structure as the Kr
pressure above the substrate is increased. This
transition was first inferred from vapor-pressure
isotherms, ' but was not observed in an earlier
low-energy-electron diffraction (LEED) investi-
gation. We observe this transition with high-
resolution LEED' and report the first detailed
measurements of mean overlayer lattice constant
as a function of the equilibrium vapor pressure P.
Our observations are inconsistent with the first-

order, in-registry to out-of-registry transition
recently proposed for Kr on graphite. ~ However,
our results show remarkable agreement with a
one-dimensional dislocation model of monolayer
epitaxy. ' The data provide a unique opportunity
to test theories of monolayer epitaxy' ' in a case
where the forces involved are fairly well known.

Kr monolayers were condensed on a cleaved,
natural graphite crystal mounted in an ultrahigh-
vacuum system. ' The Kr pressure was increased
in small increments while monitoring the LEED
pattern. Parameters for the normal-incidence
electron beam were 144 eV, 3 nA, and 0.2 mm
diam. Electrons baekscattered within 30' of nor-
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