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Recent cyclotron resonance experiments by
Sawamoto, ' and by Baer and Dexter, ' measure a
conduction mass in CdS significantly smaller than
that found by other methods. They get m&* = 0.177
and m

tI
*= 0.157, in contrast to mz~ = m

~~

~ = 0.20
(or 0.19) found by other experiments. s 7 This
Letter is to point out. that this difference is ex-
plained by considering polaron effects from piezo-
electric electron-phonon interactions.

Since the recent discovery that wurtzite-struc-
tured semiconductors are vigorously piezoelec-
tric, ' ' it has become increasingly apparent that
many of these low-temperature electronic prop-
erties are governed by the piezoelectric electron-
phonon interaction —e.g. , low-temperature mo-
bility in ZnO and CdS, and phonon drag in ZnO. "

In piezoelectric crystals, an acoustical phonon
has an accompanying electric field proportional
to the strain. "&' The transverse fields are sup-
pressed to order'~ (speed of sound/speed of light)',
and the longitudinal electric field in wurtzite gives
an electron-phonon interaction

y-= [4we/e(8)](e sin8(U sin8+ U cos8)
q 15 zq

+e 1U sin8cos8+e U cos'8),31 ~ 33 zq

e(8) = e sin'8+ e cos'8,
II

(2)

where qe =qcos8, e is the uniaxial axis; (U~, U )
are the components of the phonon displacement

amplitude, where U~ is in the plane defined by

q and z. This form assumes a negligible density
of free charge carriers. The presence of other
carriers could be included by adding a Debye
screening factor. The phonon cloud accompany-
ing an electron (polaron) contributes to the elec-
tron self-energy, thereby affecting the effective
mass. Since the coupling is weak, this may be
calculated by second-order perturbation theory.
The angular anisotropy in e(8) and the speed of
sound will be ignored, since this is small com-
pared to the anisotropy apparent in the other
angular term of (1). The matrix elements are
proportional to N +1, where Nq is the phonon
occupation number and the induced term Nq is
the most important. Even at the experimental
temperatures of 1.7 K, the high-temperature
expansion of N =kBT/hq is valid. Both terms

q
indicated in Fig. 1 were considered and con-
tributed equally. The resulting energy is
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sound, which encompasses most of the electrons.
Equation (2) must be used to explain the observed
anisotropy in the shift from mo. Attempts to es-
timate a cyclotron mass have been unsuccessful,
due to the complexity of the many terms. That
this will account for the observed cyclotron mass
measurements may be demonstrated by ignoring
the anisotropy, and using an isotropic coupling
constant n =0.035 derived by Hutson. When the
angular terms of (1) are thereby ignored, the en-
ergy is

E(k) = 0 k /2m —(vk Tn/2a k)H(k/k - 1). (5)0 B B s

FIG. 1. The two-electron self-energy terms included
in the polaron self-energy.

3 2Qf,(8)= P 8 cos 8,
A.j Q, A.

(4)

where mo is assumed isotropic, aB is the Bohr
radius, k = m0c&/k for X =s (shear phonons) and

X =I (longitudinal phonons), and the step function
H(x) is zero for x &0, and one for x &0. In f&&(8),
the P~ & are just combinations of the dimension-
less electromechanical coupling constant. ~'~

The self-energy term is quite different from that
contributed by deformation potential coupling.
The polaron contribution for optical phonons would

be of a similar k ' form, but only for those few
electrons whose energy exceeds the optical phonon

energy of 0.039 eV. The piezoelectric contribu-
tions enter for electrons exceeding the speed of

m (k} '=(I/t'k)(8/sk)E(k),

the cyclotron frequency calculated from (5) is

mm k T(y

CO 1+—
2 Sc mc 2a Sk~

eH

This is plotted in Fig. 2 to show the magnitude of
the polaron contribution, with aB = 24 A, T =1.7'K,
m, =0.20; ks(cs =1.Sx10' cm/sec) was used since
shear modes give a dominent contribution to n.
The perturbation procedure is not valid for low k,
since the calculated shift is larger than the orig-
inal energy. But since the maximum of a Boltz-
mann distribution for electrons falls at k -10k~,
most electrons are at wave vectors where pertur-
bation theory is valid. The H(k/ks -1) factor is
dropped since only high k values are of interest.
Defining the cyclotron mass as

ENERGY

-3
+l0 e.v. —

lQ e.v.

FIG. 2. The effect of the polaron binding upon the electron energy.
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FIG. 3. For a fixed cyclotron frequency, the number
of electrons responding to an applied field (for z=~).
The observed experimental maximum would be shifted
down from Ho, the bare band mass resonance field.

For a fixed frequency, electrons of different wave
vectors will respond to different H fields. This
may be described to lowest order by assuming
the electron distribution to be Boltzmann, and

plotting number of electrons against magnetic field,
Fig. 3. Using Sawamoto's value of w =49. 81
kMc/sec, the resonant field without polaron con-
tr ibutions is at Ho = 3.5 kG. With polaron effects,
the distribution is peaked at 3.2 kG, and has an
average of 2. 9 kG. As the observed linewidth was
2 kG, the observed maximum would be expected to
be between 2. 9 and 3.2 kG, in good agreement with
Sawamoto's value of 3.0 kG. This demonstrates
that the piezoelectric polaron contribution can ac-
count for the mass shift.

Equivalent energy shifts would not be observed
in other measurements of the conduction mass.
The above semiclassical arguments are valid be-
cause the experiments are done in weak magnetic
fields, where the separation between Landau levels
is not much greater than kBT, and hence the typi-
cal acoustical phonon energy. The separation be-
tween exciton levels is much greater than kBT.
The Faraday rotation and Hall mobility experi-
ments were run at too high temperatures to see
the effect, since at the maximum of the Boltz-

mann distribution h'k'/2m -kgb T, but the polaron
self-energy -T ". Piper and Marple's' free-
carrier absorption measurements were done at
high enough frequencies that acoustical polaron
effects would not be important.

An interesting sidelight to the result is the ap-
pearance of the dip in the dispersion curve, Fig. 2,
for k -k~. Although the calculation is not valid in

this region, this does suggest that the lowest en-
ergy state of an electron in the conduction band
is at the speed of sound, and not at k=0. This
would certainly affect low-temperature mobility
and ultrasonic attenuation. Attempts to calculate
this behavior in a more self-consistent fashion
are in progress.
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