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Longitudinal optic (LO) modes of ionic crys-
tals are associated with a macroscopic electric
field, EM. If free carriers are present then
they will couple with EM, and the dispersion
relations for both the plasma oscillations of
the carriers and the optic modes of vibration
will be modified. ' In this Letter we present
a theory of these effects and apply it to the case
of the LO modes in n-type lead telluride (PbTe).
Experimental measurements of the dispersion
relation for the normal modes of vibration of
PbTe have revealed an anomalous behavior for
the LO modes of long wavelength, which we be-
lieve is associated with the presence of free
carriers. The measured frequencies of the long-
wavelength optic modes in PbTe have already
been reported. ' A complete description of the
dispersion curves, and of attempts to fit them
with various models, will be published later
in a joint communication with W. Cochran and
M. Elcombe.

For wavelengths which are longer than the
interatomic spacings but shorter than the wave-
length of light, the frequency of the LO modes
in cubic diatomic crystals is given by

=(d +CE

where (d7 is the frequency of the transverse
optic (TO) modes, and C a consta, nt depending
upon the masses and effective charges of the
ions. Free carriers in the crystal are influ-
enced by the electric field, ' EM, and respond
in such a way as to modify its effect. This mod-
ification can be expressed by dividing the mag-
nitude of the electric field by the longitudinal
frequency- and wave-vector -dependent dielec-
tric constant for the carriers, e(q, &o).' The
frequencies of the LO modes are then given by

(d(q) =(d + ((d -M )/&(q, &).

The solutions of this equation are in general
very complicated and depend upon the detailed
electronic band structure of the crystal. A de-
tailed discussion of the form of the solutions
will be given in a future publication. If the plas-
ma frequency of the electrons is much greater
than the lattice vibration frequencies, the Thom-
as-Fermi dielectric constant is appropriate
for small wave vectors, e(q0) ,= 1+OS'/q', and
&u(0)'=u&T'. However, the carriers will not be
able to screen the electric field when the wave-
length becomes much shorter than the distance
between the carriers, and the frequency of the
LO modes will tend to ( I' for q»ks. The dis-
persion relation for the LO modes will there-
fore show a marked decrease in frequency as
the wave vector decreases.

Measurements of the LO mode frequencies
have been made by studying the coherent one-
phonon scattering of slow neutrons from a sin-
gle-crystal specimen of n-type PbTe at 296'K,
by means of the triple-axis crystal spectrom-
eter at the NRU reactor, Chalk River. The mea-
surements were made for momentum-transfer
vectors near the reciprocal lattice points (115),
(331), and (333), with wave vectors along the
[001], [110], and [111] directions, respective-
ly. A marked decrease in frequency was ob-
served in all of these experiments as aq/2v
decreased from 0.2 to 0 (a is the lattice con-
stant). This decrease, from 3.40+0.04 to 3.24
+0.05 in units of 10" cps, was the same for
all three directions of q within experimental
error, as shown in Fig. 1. Also shown in Fig. 1
are two of the neutron groups. It is believed
that this decrease in frequency is not an effect
of the instrumental resolution, because it was
not observed for the long-wavelength LO modes
in KBr.~

The band structure of PbTe has ellipsoidal
minima of the conduction band at the [111]zone
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FIG. 1. LO modes in PbTe at 296'K: (a) Measured
dispersion curves for [001], [110], and [111]direc-
tions, showing the dip in frequency near q = 0. (b) Vec-
tors (3, 3, 3) and (2.9, 2.9, 2.9). The increasing count
rate at low frequency in the upper group is due to the
nearby TO mode.
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boundaries. The dielectric constant can be
evaluated readily if these are approximated
by spheres and the effective mass taken as its
mean value, m ~ = 0.095m, . Measurements of
the Hall coefficient for small pieces of the crys-
tal indicated an electron density in the range
(1-3)X10" cm '. Using the value 2x10", we
find the Fermi radius, kF, of the filled spheres
in the conduction band to be 0.054 reciprocal
lattice units, and the plasma frequency to be
24.4x 10" cps.

Since the plasma frequency is considerably
greater than the LO mode frequency, the di-
electric constant can be approximated by its
static value,

q') q ~ 2k

=1+, 0.5+—1- —, ~ln— (2)

Only intravalley scattering has been included
in this expression since this is the dominant
contribution for sraall wave vectors. Inter val-
ley scattering gives rise to effects at much
larger wave vectors. The Thomas-Fermi screen-
ing length, k&, for this model of PbTe is 0.043
reciprocal lattice units. The dispersion rela-
tion for the LO mode can then be obtained from
Eqs. (1) and (2), and is shown in Fig. 2. This
figure also shows the singularity in the slope
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FIG. 2. The calculated LO dispersion curve in doped
PbTe. The inset shows the discontinuity in the slope
of the curve when the wave vector is equal to the Fer-
mi surface diameter.

of the dispersion curve when q = 2kF.'
The neutron scattering from the LO modes

with the dispersion curve shown in Fig. 2 is
dependent upon the form of the resolution func-
tion of the spectrometer. In practice this is
a complicated asymmetric function in which
the energy and wave-vector resolutions are
strongly coupled. The scattering can be cal-
culated, however, if the energy dependence
of the resolution function is assumed to be in-
finitely sharp, while the wave-vector dependence
is taken to be a spherically symmetric Gauss-
ian function. An estimate of the half-width of
this function gives 0.06 reciprocal lattice units.
The results of the calculation for the case in
which the mean value of the neutron momentum-
transfer vector is equal to a reciprocal lattice
point are shown in the lowest curve of Fig. 3.
The shar p dip in the scattering cross section
at a frequency -3.29 arises from the discon-
tinuity in slope of the LO mode dispersion curve
at q = 2AF. (In the Thomas-Fermi approxima-
tion a single smooth curve is obtained. ) This
sha, rp dip is not observed experimentally ow-
ing to the finite energy resolution of the spec-
trometer, and the lowest curve would there-

550



VOLUME 14, NUMBER 14 PHYSICAL REVIEW LETTERS 5 AFRIL 1965

l6

t: l2
(A

LLI

z'

m' = 0.055

—l2

in the present theory, by replacing the ellip-
soidal band structure and resolution function

by spheres, the agreement with the experimen-
tal value of 3.24 is reasonable. Excellent agree-
ment can be obtained if we take m*=0.055m„
or jf the resolution function of the spectrom-
eter is increased by about I0%, as shown in

the upper curves of Fig. 3.
Calculations of the neutron scattering away

from reciprocal lattice points have also been
made, neglecting the change in the unscreened
vibrational frequencies and eigenvectors of the
LO mode with wave vector, and the calculated
dispersion curve for the LO modes gives rea-
sonable agreement with experiment.

The authors are grateful to Professor W. Coch-
ran for interesting them in PbTe and for help-
ful correspondence, and also to Dr. D. J. Hunt-

ley, who performed the electrical measurements.
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fore be interpreted as giving a phonon frequen-
cy of 3.1. In view of the approximations made

FIG. 3. The calculated shape of the neutron scatter-
ing at a reciprocal lattice point. The resolution func-
tion is taken to be a spherically symmetric Gaussian
of half-width 0 (reciprocal lattice units), but infinitely
sharp in energy.
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We have observed the optical quenching of
photoconductivity at photon energies slightly
less than the band gap in undoped CdS crystals.
The purpose of this Letter is to present the
results and suggest an explanation.

Previous work' on the optical quenching
of photoconductivity in CdS reports two "bands"
at about 0.9 and 1.4 eV, well separated from
the band gap at approximately 2.5 eV. The
0.9-eV band, observed only at higher temper-
atures, is considered to arise from the opti-
cal excitation of a trapped hole from its ground

state to an excited state close to the valence
band. The hole, then, may ionize thermally
and subsequently recombine with a trapped
electron, emptying an electron trap. The einp-
tied trap is then able to capture a free electron
leading to a decrease of photocurrent. The
1.4-eV band, observed at lower temperature es
as well, is due to the same mechanism except
that the free hole is provided by the direct op-
tical ionization of a trapped hole. The trapped
elect. rons a,nd holes are supplied by previous
and simultaneous excitation of the crystal with
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