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A new type of oscillations in the transverse
magnetoresistance of nondegenerate semicon-
ductors due to inelastic scattering of electrons
by optical phonons was theoretically predicted
by Gurevich and Firsov. ' This new effect can be
observed if the phonon spectrum of the crystal
has an optical branch and if the magnetic field
is sufficiently strong to satisfy the condition
fIr = p, H/c = (eTH/m*c)»1, where 0 is the cy-
clotron frequency, 7. is the electronic relaxation
time, and IL( is the electronic mobility. Later
Efros generalized the Gurevich-Firsov theory
for degenerate statistics.

The physical nature of these oscillations can
be explained as follows. At very high magnetic
field the distance between the adjacent Landau
levels, hQ, exceeds the longitudinal optical
phonon energy, Swo, and the probability of elec-
tron-phonon scattering is relatively small.
When the magnetic field decreases, the Landau

splitting energy SQ becomes equal to Sw~. Then
the probability of electron-phonon scattering
sharply increases, causing the p~z component
of the resistivity tensor to increase (the mag-
netic field B is supposed to be oriented along
the z axis).

Further decrease of the magnetic field breaks
the resonance condition, and the number of tran-
sitions induced by optical phonons is decreased
until a new resonance is approached. The reso-
nance condition is ~0=MQ, where M is an integer.
Thus the part of the magnetoresistance due to
scattering by optical phonons should oscillate
with a period

depending on the effective mass m* and &0.
We have also investigated theoretically similar

oscillations of the longitudinal magnetoresistance
for the case of low temperatures, where (Ewe/kT)
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FIG. I. The curves of the transverse (Ap~/po) and longitudinal (b, p[[/po) magnetoresistance for s-Insh samples
with carrier concentrations 6 x 10 cm and 4. 1 x 10~ cm and mobilities 6. 7 x 10 cm /V-sec and 5. 5 x 10 cm /
V-sec, respectively, at 90 K. The broken lines correspond to the monotonic background on these curves. The
oscillatory part of the transverse and longitudinal magnetoresistance as function of the inverse magnetic field is
given in the upper part of the figure. The vertical lines correspond to the resonance condition ruo=(1 —5)Q.
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»1.~ If only scattering by optical phonons is
essential, the oscillating part of the magneto-
resistance should have a maximum near the
resonance. But if some mechanism of elastic
scattering predominates, for instance scattering
by acoustical phonons, the shape of the function
b,p (H) near the resonance should depend strong-
ly on the ratio j. of the probability of scattering
by acoustical phonons to the probability of scat-
tering by optical phonons. If I"»1, a minimum

of Apzz should exist near the resonance, but

when I' decreases [assuming the condition
(hvo/kT)»1 still holds], the minimum should
transform into a maximum.

The first brief communication on the observa-
tion of new type oscillations in n - InSb was re-
ported by Puri and Geballe. 4 The results of
our detailed experimental investigation of the
transverse and longitudinal magnetoresistance
in n-InSb, shown in the Fig. 1, confirm the
theory.

The maxima of the oscillations in the trans-
verse magnetoresistance curve are located at
Hm~=34, 17, -11.3, -8. 5, and -6.7 kilogauss.
In the longitudinal magnetoresistance, minima
are found atHmin=32. 5, 16.5, -11, -8.3, and
-6.7 kilogauss. The existence of the minima is
in satisfactory agreement with the theory, since
the intensity of acoustical scattering in this case
was rather high. The fourth and fifth extrema
on the magnetoresistance curves were obtained
in a special investigation in a magnetic field
weaker than 15 kilogauss.

The separation of the monotonic background on
these curves was made according to the theo-
retical conclusion that the oscillatory part of the
resistance at low temperatures should be added
to the transverse magnetoresistance and should
be subtracted from the longitudinal magnetore-
sistance. The maximum of the ratio of the os-
cillatory part to the monotonic background is
approximately the same both for the transverse
and for the longitudinal effect and is about 15@.
The experimental value of Hmax1 and the period
of oscillation [n(1/H) =(3.0+0.2) X10 ' gauss ']
are consistent with their theoretical values cal-
culated using available data for the effective
mass' (m~=0. 016 at H =34 kilogauss) and opti-
cal phonon limiting frequency' (coo = 3.7 x 10'~

sec ').
It is clear from physical arguments only that

an optimum temperature exists where the os-
cillatory part of the magnetoresistance reaches
a maximum. An optimum condition for observ-
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FIG. 2. The plots of the transverse magnetoresis-
tance for n-InSb sample with carrier concentration
5. 2 && 10 cm 3 at different temperatures.

ing the oscillations occurs when the phonon oc-
cupation number and the mobility are sufficient-
ly large. The experimental curves of the trans-
verse effect for one n - InSb sample at different
temperatures are presented in Fig. 2. The
oscillatory part reaches a maximum value at
104 K and diminishes when the temperature is
either decreased or increased. A set of curves
of the transverse magnetoresistance measured
for different carrier concentrations, which is
not shown here, demonstrates that the period
and the phase of the transverse oscillations are
independent of the concentration in the range
5. 2 &10'3 cm ' to 1.3 &10" cm '. In addition it
is noted that the ratio of the oscillatory part to
the background diminishes as the mobility de-
creases. We did not observe any oscillation on
the specimens of n - InSb with carrier concentra-
tion greater than 5&10"cm '. Figure 3 demon-
strates that the phase but not the period of lon-
gitudinal oscillations changes when the tempera-
ture is changed. The fact that the phase varies
with temperature agrees qualitatively with the
theoretical conclusion that the phase of the os-
cillations of the longitudinal magnetoresistance
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should change when the relative intensity of
acoustical and optical scattering varies. The
curves obtained demonstrate the difference be-
tween this new oscillatory effect and the well

FIG. 3. The curves of the longitudinal magnetore-
sistance for g-InSb sample with carrier concentration
4 && 10~3 cm 3 at different temperatures. The broken
inclined lines show the displacement of the minimum
positions when the temperature is changed.

known Shubnikov —de Haas oscillations. As we
have seen, the period of the new type of oscilla-
tions is independent of the carrier concentration
and the amplitude decreases with temperature
in the region of liquid nitrogen and below. How-
ever, the period of the Shubnikov —de Haas oscil-
lations is determined by the carrier concentra, -
tion only and these oscillations can be observed
at very low temperatures and only under degen-
erate conditions. The new oscillatory effect can
be observed for any statistics. The specimens
investigated in the present work were nonde-
generate.

The authors wish to express their gratitude
to A. C. Albrecht for many valuable discussions
and aid during preparation of the manuscript.

'V. L. Gurevich and Yu. A. Firsov, Zh. Eksperim.
i Teor. Fiz. 40, 199 (1961) [translation: Soviet Phys. —
JETP 13, 137 (1961)].

~A. L. Efros, Fiz. Tver. Tela, 3, 2848 (1961) [trans-
lation: Soviet Phys. —Solid State 3, 2079 (1962)].

The detailed account of this work mill be published
elsewhere.

S. M. Puri and T. H. Geballe, Bull. Am. Phys.
Soc. 8, 309 (1963).

5E. D. Palik, S. Teitler, and R. F. Wallis, J. Appl.
Phys. , Suppl 32, 10, 2132 (1961).

6M. Hass and B. W. Henvis, J. Phys. Chem. Solids
23, 1099 (1962).

EVIDENCE FOR A NE% COLLECTIVE RESONANCE IN A "FREE-ELECTRON" METAL*

M. H. Cohen and J. C. Phillipst
Department of Physics and Institute for the Study of Metals, The University of Chicago, Chicago, Illinois

(Received 30 March 1964)

From cyclotron resonance' and de Haas —van
Alphen studies, ' the Fermi surface of K is known
to be spherical within 1$ with an effective mass
of 1.21. Band studies' show that the energy gaps
at Brillouin zone edges are Sg &0.2 eV com-
pared to the Fermi energy EF = 2. 2 eV. The
direct interband optical threshold would arise
from transitions in the Brillouin zone near V.
To second order in 8&/EF, the theoretical
threshold energy Ft is given by the free-elec-
tron model: E& = 1.2 eV.

Mayer and E1 Nabyi have studied the reflectance
of polarized light from mirror surfaces of me-
tallic K in the temperature range -183 C to &85 G

(the melting point) under conditions of high vac-
uum. We believe their data to be the best yet
obtained on the spectra of the alkali metals with-

in their spectral range of 0. 5-2. 6 eV.
From their data [see Fig. 1(b)) the following

salient results emerge:
(1) There is a sharp absorption threshold in

8~ at 8& ~0. 5 eV.
(2) Beyond the threshold h, rises sharply to a

peak at 0.6 eV and then falls gradually out to 2. 0
eV.

(3) At their lowest temperature (-183'C), 8,
drops to zero (within experimental error) for
0. 5 & Sg & 0.7 eV. This observation rests on
three experimental points. Moreover, in Fig. 2
we show that as the temperature is lowered, the
difference D between the total 8, and the Drude
background diminishes monotonically as well as
finally reversing sign at -183 C.

(4) At the peak, the excess absorption (over
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