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where 0. is the unit vector along F. For longitudinal
propagation, Eq. (3a), E is elliptically polarized normal
to B and circularly polarized when o.» ——o». Transverse
propagation has two cases, (3a) corresponding to linear
polarization with E along B and (3b) to elliptical polar-
ization with EJ B. The effective conductivities for B
along the L001) direction for the eight and the $111)
for the six ellipsoids are identical, and for n~~B become

o ff/o*= $1+ (p+ 2)jb/ (2p+ 1))/L 1+0'(p+ 1)/3p). (4)

Linear polarization for n J B yields

o «/&~ = L1+3bs/ (2P+ 1))/ $1+ (P+2)bs/3P) (5)

where o.*=rte /m*(v+joi), srt*=3rrtissts/(2srti+sst&),

p = srtr/srts, and b =eB/rrts(v+j os), ssti, ssts being the
longitudinal and transverse components of the mass
tensor, and v the collision frequency, assumed inde-
pendent of energy. The expressions for o.,«with B along
other principal directions are more involved except for
the linear polarization, where for the eight ellipsoids, B
along L111) and [110) directions, the conductivities
become, respectively,
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coordinate systems, are transformed to the coordinate
system of Eq. (1) and added to yield the above result.

Maxwell's equations yield a solution for the propaga-
tion constant F given by

I'= os'e—tso+j oitsoo. t(,

where co is the frequency of an rf field E, e is the dielec-
tric constant, and (Teff becomes
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eight e1lipsoid models respectively, are
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where os„'= rte /rrt*e and tos= eB/rrts.
Equations (Sa) and (Sb) describe the linear and

circular polarizations respectively. With E~~B and along
the L100] axes, for six ellipsoids, there is no magnetic
effect and cy'=or„'. Other cases will be discussed in a
later publication.

The above results depend on crystal orientation and
parameters related to energy surface curvature and
may be utilized for investigating the shape of energy
bands in anisotropic semiconductors at microwave
frequencies. The approach outlined may also be appli-
cable for analyzing the anisotropy of warped spheres. '
Approximate expressions of the conductivity tensor for
the latter are being derived from Boltzmann transport
theory by Zeiger. ' Actual experiments require finite
samples and depolarizing effects may have to be taken
into account as suggested by Kittel. ' The conductivi-
ties would then contain components of a depolarizing
tensor.
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Setting F=0 gives equations for plasma oscillation fre-
quencies. These become real if v is neglected, i.e., for
"pure" samples, low temperatures, and high frequencies.
E~~B results in linear and EJ B in elliptical (or circular
if o.»= o») polarization. The equations, identical for B
along the (111)and (100) directions for the six and

For the six ellipsoids with B along $110) and $001)
axes, the conductivities become, respectively,

o.«L1+ (p+5)b'/2(2p+1)).
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' 'T is known that a space charge layer can exist near
~ - the surface of solids. In the case of a semicomdlctor,
this layer arises from the trapping of electrons in the
surface traps. ' The electric potential V between the
surface and the bulk is about 1 volt, and the thickness
of the layer is generally between 10 ' cm and 10—' cm.
Hence, electric fields of the order of magnitude 104
volts/cm to 10' volts/cm may prevail. In the case of an
zowie conductor, the space charge layer is due to the
fact that the surface is a source or a sink of vacancies. '
V is again of the order of magnitude 1 volt. The thick-
ness of the layer decreases with increasing vacancy
concentration. Thin space charge layers ((10 s cm)
require a vacancy concentration which exceeds 10'~
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cm '. In intrinsi ionic conductors this concentration
is generally reached only at rather elevated tempera-
tures. In extrinsic ionic conductors, however, an im-

purity concentration near 10' cm ' leads to the forma-
tion of what we might call an "ionic Schottky exhaus-
tion layer. " Its thickness lies between 10—' and 10—' cm
and does not depend sensitively upon the temperature. '
Hence, fields as high as 10' volts/cm to 10' volts/cm
may result.

An interesting effect should arise from these space
charge layers in the case of highly polarizable crystals,
such as ferroelectrics above the Curie point, Fields of
10' to 10' volts/cm induce the saturation polarization.
The resulting piezoelectric or electrostrictive strain is
about 1 percent and thus would be easily observable.
(The fact that the thickness of the layer is proportional
to Qe, where c is the static dielectric constant, should
not prevent this effect: by inserting the dielectric con-
stant of the saturated crystal (e=200) one obtains a
layer which is still thin enough to justify the assump-
tion of dielectric saturation. $ To summarize, we can
say that a ferroelectric semiconductor or a ferro-
electric extrinsic ionic conductor can exhibit a surface
layer of a thickness between 10 ' cm and 10—' cm where
saturation polarization and the corresponding piezo-
electric strain prevails. This layer does not depolarize
if the crystal is heated above the Curie temperature of
the bulk because the properties of the space charge
layer do not depend sensitivity upon the temperature
as long as the conditions for dielectric saturation are
ful6lled.

There is considerable experimental evidence that
such a layer exists in the case of ferroelectric BaTi03
which is known to be a semiconductor4 and which might
also be an extrinsic ionic conductor to some extent.
Dif'fusion measurements indicate that intrinsic ionic
conduction is negligible in the temperature range which

is of interest here. ' X-ray and electron diGraction ex-

periments with very small BaTi03 particles have led

to the following conclusions':

1. There is a discrepancy in symmetry between a
surface layer of a thickness of about 100A and the
bulk. The misfit between the surface layer and the bulk
is smaller below the Curie temperature of the bulk.
Thus the structure of the surface layer is closer to the
tetragonal structure of the polarized lattice than to the
cubic structure of the unpolarized lattice.

2. Electron diBraction experiments indicate a tetrag-
onal strain in the surface layer which is slightly larger
than the tetragonal strain of the bulk below the Curie
temperature. The tetragonal surface strain does not
vanish if the crystal is heated above the Curie tempera-
ture of the bulk.

It is interesting to note that in the case of ferro-

electric KH2PO4 no evidence for a polarized surface

layer was found. ' As KH2PO4 is not a semiconductor

and generally much purer than BaTi03, this supports
the view that the observed surface strain in the case of
BaTi03 is due to an ionic or electronic space charge
layer. This layer may also account for the observation
that very thin, virgin BaTi03 crystals do not show nor-
mal dielectric hysteresis at low voltages V, though the
apparent electric fi.eld (calculated as U/d, where tE is
the thickness of the crystal) is larger than the coercive
field. The space charge layer has to be broken down
before the normal dielectric hysteresis can be observed.

The author is indebted to J. Bardeen, R. J. Maurer,
and F. Seitz, for illuminating discussions.
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' 'N a recent Letter with the above title, ' Dorfman
& - points out that he had published an article in 1951
predicting the general features of diamagnetic ("cyclo-
tron") resonance in electronic conductors, which would
therefore be prior to my detailed theoretical treatment'
appearing in 1952.

In order to avoid any possible misunderstandings, I
should like to draw attention to the fact that I had
described the eGect at the 1951 International Confer-
ence on Very Low Temperatures, and (like Dorfman)
had emphasized that it would lead to a direct estimate
of the effective mass of the carriers. The publications of
such general descriptions by myself' and Dorfman4 were
therefore independent and essentially simultaneous.
The detailed treatment' appearing in the Proceedings of
the Royal Society (London) for 1952 was taken from

my 1951 doctorate thesis. '
' J. G. Dorfman, Phys. Rev. 96, 1704 (1954).' R. B. Dingle, Proc. Roy. Soc. (London) A212, 38 (1952).
3 R. B. Dingle, Proceedings of the International Conference on

Very Low Temperatures, edited by R. Bowers (Oxford, 1951),
abstract on p. j.65.
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(1951). (Unfortunately, this volume does not appear to have
become available in England until after the publication of my
1952 paper. )
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