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FIG. 2. Dependence of the transmitted phonon drag
upon intermediate layer thickness.

data, Eq. (1) yields n, =n,~10'® cm™3 as an aver-
age effective electron concentration in order to
fit the intercept at % =0 in Fig. 2, a not un-
reasonable value since Eq. (1) is based on uni-
form nondegenerate » layers.

The experiment of Fig. 1 represents only one
of a large family of experiments which may be
carried out using the transmitted phonon drag
effect. For example, by applying very large
electric fields in the input layer, it will be pos-
sible to produce warm or hot electrons and study
the differences in phonon mean free paths as a
function of electron temperature. By varying
electron concentration in degenerate samples,

relevant phonon wave numbers may be varied.
By applying stresses so as to alter occupancies
of the valleys of the many-valley model, it
should be possible to separate phonons produced
by electrons having drift velocity in the small
mass direction from phonons produced by drift
velocity in the large mass direction. By varying
the concentration of the carriers in the inter-
mediate p layer, it should be possible to deter-
mine phonon-hole scattering cross sections quite
directly for the relevant phonons. It may also be
possible to study phonon transmission through
insulators by applying conducting input and out-
put coatings.
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lation and encouragement from Paul Egli, George
Busch, and Conyers Herring.
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Zinc oxide and cadmium sulfide (hexagonal
form) have been found to be vigorous piezoelec-
trics with electromechanical coupling constants
which considerably exceed that for quartz. Both
ZnO and CdS are well known as extrinsic n-type
semiconductors, and in the case of ZnO the
single crystals available have almost always
possessed room temperature conductivities in
excess of 1072 ohm™ em™. A conductivity of

this magnitude effectively shorts out any macro-

scopic piezoelectric phenomena. '
The present investigation of piezoelectricity

in these compounds was undertaken to see if a

piezoelectric interaction between conduction

electrons and acoustical phonons could explain

the large magnitude and the temperature depend -

ence of the phonon-drag effect observed in thermo-

electric-power measurements on ZnO.* (The
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phonon -drag effect is necessarily proportional
to the amount of acoustical -mode scattering.)
Evidence has been presented in reference 1 and
by Collins and Kleinman® which indicates that the
inertial effective mass is only about 0.07m for
electrons in ZnO. With this mass, deformation
potential scattering could not give a coupling of
the required magnitude unless the deformation
potential constant were unreasonably large.
Measurements of resistivity vs pressure by
Hutson et al.? have shown that the deformation
potential associated with lattice dilatation is not
large.

Meijer and Polder? and Harrison® have devel-
oped a theory of piezoelectric scattering mobil-
ity for the zinc blende structure using a relaxa-
tion-time approximation. Despite differences in
averaging procedures both papers derive for the
mobility

1 = 3000(m /m™)¥?(300/T)2,

based on a reported value of the piezoelectric
constant for zinc blende of d,, =-9.8 X107 stat-
coulomb/dyne.® The temperature dependence of
this mobility would correctly predict the tem -
perature dependence of phonon drag in ZnO, but
a piezoelectric constant nearly an order of mag-
nitude larger would be required. (Note that the
constant obtained for zinc blende by applying
pressure in the [111] direction to the ends of a
bar is d,,’ =d,,/V3=5.7x1078.)

In order to make piezoelectric measurements
on ZnO it is necessary to quench the conductivity.
This has been accomplished by compensating
our n-type crystals with lithium acceptors.” This
compensation raises the resistivity to the order
of 10'2 ohm cm at room temperature.

We have made the following sorts of piezoelec-
tric measurements on ZnO doped with lithium:
(A) Resonance -antiresonance measurements on
vapor -phase grown needles, supported by nylon
fibers and coupled capacitively at their ends to
well-shielded micro-electrodes. (B) Direct
squeeze measurements along the ¢ axis (3 direc-
tion) of vapor -grown needles where the charge
developed upon loading and unloading the crystal
was captured on a large air capacitor whose
voltage in turn was measured by a vibrating reed
electrometer. (C) Resonance-antiresonance
measurements on bars, cut from flux -grown
platelets,® whose major faces had the c axis as
their normal. (D) Resonance-antiresonance
measurements on very small bars cut so that
their length directions made angles of 45° and
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20° with the ¢ axis and so that the normals of the
major faces were coplanar with the ¢ axis and

the length. (The lengths were only 2 to 4 mm

and the transverse dimensions not ideally small
since these bars had to be cut from a vapor -
grown crystal.) The values of the piezoelectric

d constants obtained for ZnO from these measure-
ments are given in Table L.

Similar measurements performed on CdS
crystals obtained from the Eagle-Picher Co. and
annealed in sulfur vapor are reported in the
Table.

It is interesting to compare the piezoelectricity
in ZnO and CdS with that of quartz. The electro-
mechanical coupling constant for an X-cut quartz
plate is £=0.095.° The comparable orientation
for ZnO and CdS is a plate perpendicular to the
¢ axis vibrating in a thickness longitudinal mode
for which

E E 47 \V¥2
k=(dg3cy3 +2dg,cq, )(—-D——S-) .
Caz €3

Making use of the elastic constants measured
for CdS '° without regard to whether they are at
constant E or constant D and scaling them up for
ZnO by the factor s,,(CdS)/s;3(Zn0), and dielec-
tric constants (€) of 8.2 and 9 for ZnO and CdS,
respectively, we obtain 2= 0.4 for ZnO and %
20.2 for CdS.

We have adapted Meijer and Polder’s* calcula-
tion of piezoelectric scattering to our hexagonal
symmetry and find that the electron mobility as
limited by piezoelectric scattering alone is, in

Table I. Piezoelectric constants (d) and the elastic
modulus $33 for ZnO and CdS.

a
dss dyy dys S33
(1077 statcoulomb/dyne) (10712 cm?/dyne)

ZnO +3.6 -1.4 -3 to -4 0.83

cds  +3.2 -1.1 -4.3 1.35  1.60°

8The values of d have an estimated accuracy of about
10% except for dy5 of ZnO where we would favor the
larger of the two values.,

PThe second value of S33 for CdS was obtained from
extremely weak resonances of c-axis bars and we be-
lieve it to be at constant E. Since this second value
agrees with the measurement of reference 10, we be-
lieve that the conductivity of their CdS was high enough
so that their measurements were at constant E.
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cm?® /voit sec,

= 50(m /m*)¥2(300/T)¥2 in ZnO
and

1 =120(m/m™)¥2(300/T)¥? in CdS.

The piezoelectric scattering appears ample for
the requirement of large phonon drag with a
small effective mass. This calculation and these
consequences will be discussed elsewhere.

Electrical conductivity in these piezoelectric
materials results in a relaxation-type dispersion
for the elastic constant ¢, and also for c¢,, when
propagation is perpendicular to the ¢ axis. A
theory of this dispersion has been developed and
it successfully predicts the magnitude of the
peak as well as the directional dependence of the
photosensitive ultrasonic attenuation recently
reported by Nine.!* (K. Dransfeld of these
Laboratories has observed that this attenuation
does go through a maximum with light intensity.)

It also appears likely that the observations of
luminescence occurring when excited (metastable)
Cds is given an impact in the c-axis direction'?
have their origin in piezoelectric field ionization
of shallow traps.

The author is grateful to W. P. Mason, H. J.
McSkimin, and R. N. Thurston for helpful dis-
cussions, to R. B. Zetterstrom for sample prep-
aration, and to C. Herring for a critical reading
of the manuscript.
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The detailed nature of the interaction between

paramagnetic ions with half -filled shells (S ground

states) and crystalline electric fields has been the
subject of considerable discussion. The theoreti-
cal analysis of Watanabe® in particular has stim-
ulated a good deal of experimental work. Re-
cently Watanabe® has reviewed much of the perti-
nent experimental data and suggested that hydro-
static pressure might be used to clarify the
problem. We had arrived at the same conclusion
some time ago and had already performed such
experiments prior to his suggestion. The majori-
ty of the results were presented at the Cambridge
Meeting of the American Physical Society.® Com-
plete reports on these and related investigations
are to be submitted to the Physical Review in

the near future. This note will summarize only
those details which are pertinent to Watanabe’s
calculation.

Using apparatus similar to that previously de-
scribed,*® the paramagnetic resonance (PMR)
spectra of Mn?* and Fe®* (3d%, ®S) present as
trace (£0.01%) impurities in an MgO crystal
have been observed as functions of hydrostatic
pressure to 10000 kg/cm? at room temperature.
Details of these spectra and their analysis have
been given by Low.%” Of present interest is the
cubic anisotropy energy represented by the spin-
Hamiltonian term (a/6)(Sx“+Sy4+Sz"). The pres-
sure-induced variations of the a parameters of
both ions are shown in Fig. 1. Within experimen-
tal error the ratio “Fe/aMn= 10.70+ 0.02 is inde-
pendent of pressure. The fractional variation of
a per kg/cm? is

(Blna/aP)T=4.03 x107° (kg/cm?) ™. (1)
In comparing this result with microscopic
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