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has been found by Novikova and Shelimova, '~

suggesting a transition at 75'K. Possibly a
different stoichiometric composition of their
sample is responsible for the difference.

The results for the crystal structure of GeTe, "
and the measurements of Bierly, Muldawer,
and'Beckman, "taken in conjunction with our
own, make it clear that the transition in Ge Te
is a displacive transition to a ferroelectric
phase, differing from that in certain materials
having the perovskite structure only in that
the high conductivity prevents any direct mea-
surement of the dielectric constant, and pos-
sibly in being a true second-order transition.
Correspondingly, SnTe is an example of a "near
ferroelectric" having lattice dynamical prop-
erties analogous to those of SrTiO, . One of
us (W.C.) had pointed out" that there is no rea-
son in principle why a diatomic ionic crystal
should not have a ferroelectric phase. The ex-
tent to which SnTe or GeTe should be regard-
ed as ionic is debatable, especially since they
display features in common with the bismuth
structure" and also have a narrow band gap.
These results are also of interest with regard
to the suggestion of Anderson and Blount" that
V,Si may be a "ferroelectric metal. "

We would like to thank Dr. R. S. Allgaier and
Dr. B. B. Houston for helpful discussions and
for supplying single crystals of SnTe. We are
indebted to Professor Barrett for a preprint
of his paper.
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RAMAN SCATTERING FROM MIXED CRYSTALS (Ca~SrI ~)F2 AND (Sr~BaI ~)F2
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The first-order Raman spectrum of mixed crystals of Ca~Sr1 ~F2 and Sr~Ba1 ~F2
has been measured. The Raman frequency varies linearly with concentration, while the
Raman linewidth exhibits a maximum near the 50%%uo mixture.

This paper reports the first application of
first-order Raman scattering to the study of
lattice dynamics in disordered crystals. The
one previous observation of Raman scattering
from disordered crystals, mixed crystals of
KBr-KC1, employed the second-order Raman
effect, and the results were too complex to
be readily interpretable. ' The results reported
here on the CaF, -SrF, and SrF,-BaF, systems
are for first-order Raman scattering, and the
results are readily interpretable.

This work was stimulated by the considerable
recent interest in the vibronic properties of
disordered crystals. Theoretical studies by
Poon and Bienenstock, '~3 I anger, Bradley, '
Dean, ~ Mar adudin and Weiss, and Maradudin,
Montroll, and Weiss' have obtained details of
the elastic vibrational spectrum for various
models of mixed crystals. There are no seri-
ous discrepancies between these authors. The
experimental situation, however, has been far
less satisfactory. Braunstein' studied the in-

755



VoLUME 17, NUMBER 14 PHYSICAL RKVIKW LKYYKRS 5 OcToBER 1966

frared absorption spectra of mixed Si-Ge crys-
tals. He concluded that the vibronic spectra
consisted of modes characteristic of both pure
Si and pure Ge. This would have been expected
if the mixture did not form a perfect solid solu-
tion. On the other hand, other evidence indi-
cated the Si-Ge system was a homogenous solu-
tion. Similar results have been found by Ver-
leur and Barker' and Chen, Shockley, and Pear-
son" on the GaAsxPl x system, by Oswald"
on InAsxP1 x, and by Balkanski, Beserman,
and Besson~s on CdSxSel

In contrast to this, Logan, Howell, and Trum-
bore' concluded from their experiments on
phonon-assisted electron tunneling with Ge-Si
alloys that, for a particular phonon mode, the
frequency is a single-valued function of con-
centration, varying smoothly from the pure
Si crystal to the pure Ge crystal. Potter and
Stierwatt" studied the infrared properties of
GaAsxSbl x and, contrary to work mentioned
previously, ""they found only a single absorp-
tion peak whose frequency shifted continuous-
ly with increasing x from the pure GaSb value
to the pure GaAs value. Similarly, Gulisse
et al."found the Reststrahlen frequency of
NixCol xO to be a linear function of concentra-
tion. The alkali halides also seem to exhibit
this same behavior. " The Raman modes stud-
ied here also shift linearly with concentration,
varying smoothly from one pure crystal to the
other.

Balkanski, Beserman, and Besson' attri-
buted the smooth behavior of the Reststrahlen
modes in the ionic crystals, in contrast to the
different behavior in most of the covalent crys-
tals, as due to long-range electrostatic forces.
Although this argument seems reasonable for
the Reststrahlen modes with their large elec-
tric dipole moments, it is not so convincing
for Raman-type modes in the CaF, isomorphs,
for which there is no electric dipole moment.

Single crystals of CaxSrl xF2 and SrxBal xF2
were obtained from Optovac, Incorporated, for
varying values of x. These crystals are known

to form continuous solid solutions. "~" This
fact is substantiated from our x-ray studies
of the crystals used here, which have a lattice
parameter linearly dependent on x, in excel-
lent agreement with other published measure-
ments. ' This, by the way, is a very good in-
dication that there is no significant error in
the concentration parameter x. For all crys-
tals studied, the x-ray powder pattern only re-

vealed diffraction lines of a fcc lattice. The
diffraction lines from the mixed crystals showed
no broadening compared with that of the pure
crystals. With a signal-to-noise ratio for the
x-ray measurement in excess of 100:1, none

of the extra diffraction lines of a single cubic
lattice appeared. We thus concluded that the
crystals used are homogeneous random mix-
tures with CaF, structure.

The pure CaF„SrF„and BaF, crystals have,
in first order, a single allowed Raman-active
mode in which the cation remains stationary
and the F ions vibrate against each other.
We observe that the mixed crystals also have

only one observable Raman-active mode and,
as shown in Fig. 1, the frequency of that mode

is a linear function of composition, varying
smoothly from pure crystal (with x =0) to pure
crystal (with x =1).

In view of the fact that the wave vector k is
not a good quantum number for the random
crystal, one might expect to observe Raman
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FIG. 1. The first-order Raman frequency of mixed
crystals Ca Sr1 ~F2 and Sr~Ba1 ~F2 as a R,nction of
the concentrations. In all these crystals, there is only
one first-order Raman vibration.
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FIG. 2. A typical Raman spectrum of the [40% Ca, 60/o Sr]F2 crystal in which we searched for additional lines.
Note that there is but one Raman peak and this is between that of pure CaF2 and pure SrF2 {indicated by arrows).
Data are obtained from a multichannel analyzer.

scattering from other vibrational modes. Fig-
ure 2 shows a typical Raman spectrum [40%
Ca, 60% Sr] in which we searched for addi-
tional lines. Actually, we searched over a
wider wavelength range than displayed and Fig. 2

is simply intended to illustrate the typical sen-
sitivity. With this sensitivity, no additional
lines were seen, although we were able to de-
tect the 408-cm ', second-order line, in pure
CaF, . This line is off the scale of Fig. 2.

Aside from the linear shift of frequency with
composition, the only other effect of disorder
was an increased linewidth for the Raman lines.
This is shown in Fig. 3 for scattering at room
temperature. The instrumental width (i.e. ,
laser width, spectrometer slit width, etc. ) is
approximately 5 cm '. The Raman lines are
broadest at about 50% composition, and if one
subtracts the instrumental width, the Raman
linewidth is from three to four lines broader
than in the pure crystals. These widths are
all temperature dependent, and further mea-
surements are being made to separate the ef-
fects of temperature from the effects of dis-
order. Typically the lines narrow by about
a factor of 3-4 in going from room tempera-
ture to 77'K.

Qualitatively, one would expect the linewidths
in the mixed crystals to be greater than in the

pure crystals since the elimination of the trans-
lational symmetry leads to the breakdown of
the k= 0 selection rule. Quantitatively, how-

ever, there is no good theory for the variation
of linewidth with concentration. Qualitative-
ly, the linear variation of Raman frequency
with concentration could also be explained by
simply assuming the so-called "virtual-crys-
tal" approximation. Poon and Bienenstock'
discuss this approximation in which all mass-
es are taken as average masses and all spring
constants are the average spring constant for
the two-dimensional lattice with one atom per
primitive cell. In their model, which has only
acoustic modes, they can justify the virtual-
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FIG. 3. The total linewidth measured at half-intensity
of the first-order Raman-scattered light from the mixed
crystals Ca Sr~ ~F2 at room temperature. The instru-
mental linewidth is 4.7 cm ~.
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crystal approximation to first order in the wave
vector k. Although they find that the spring
constant for the virtual crystal is really obtained
by averaging the reciprocal spring constants,
this difference would be unimportant for the
measurements shown in Fig. 1, since the for ce
constants to be averaged are only slightly dif-
ferent. It is not at all obvious, however, that
their results apply for the optical modes to
which this, and other, experimental data are
related. There remains a need for more the-
oretical work on this problem.

In view of the seemingly contradicting results
on other systems, ' "the CaF, -SrF, and SrF,-
BaF, solid solutions represent a rather clear
experimental result. Firstly, the x-ray and
Raman data, taken together, absolutely dem-
onstrate the crystals are both homogeneous
and random solid solutions. In general this
is a rather difficult thing to establish. Second-
ly, for the Raman mode in CaF, [and its iso-
morphs], the Ca++ ion does not move. Theo-
retically, this problem can thus be treated
as one in which the "spring constants" change
but the masses are left invariant. This is not
the case for most of the other studies on mixed
crystals, the one exception possibly being the
NiO-CoO solution. On the other hand, that
system has long-range electric dipole forces.
This leads to the third advantage of studying
the Raman mode in CaF, solutions rather than
the infrared-active Reststrahlen modes, name-
ly the absence of the complicating dipolar forces.

In view of the simple behavior of the center
frequency of the Raman mode as a function Of

concentration, it should be possible to explain
the temperature and concentration dependence
of the Raman linewidth. This would be an ex-
cellent test for any detailed theory of lattice
vibrations in disordered crystals. Although
the second-order Raman spectrum of pure CaF,
is not yet well understood, "it should eventual-
ly be possible to study the second-order Raman
spectra of these mixed crystals and thus obtain
information on the effects of disorder on other
phonon modes.

We would like to acknowledge helpful discus-
sions with Professor David Turnbull and Pro-
fessor Arthur Bienenstock during the course
of this work. We are indebted to Dr. Hargreaves
of Optovac, Incorporated, for supplying us all

the mixed crystals reported here. We would
also like to thank Mr. Frank Molea for help
in taking the x-ray data.
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