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or the charge carriers created by the incident radiation
form avalanches of prebreakdown magnitudes and
excitation by impact of a number of activators per
incident photon is attained. The charge carrier multi-
plication is attainable with the high fields characteristic
of electronic breakdown. Rupture may be avoided by
the high-field region being suf6ciently thin so that the
required number of multiplications for break. down
cannot occur.

The alternative electroluminescent mechanism of
minority charge carrier injection followed by capture
by appropriate activator systems also conceptually
provides a method of radiation amplification in a
phosphor. ' In this case, the photons create charge
carriers which are trapped, thereby yielding a space
charge facilitating the transport of carriers of opposite
sign which are subsequently captured by the activator
systems resulting in ionization. Capture of the majority
charge carrier then leads to photon emission, con-
ceivably in greater quantity than the initial photon
absorption.

The observations of Cusano' on thin films of
ZnS:Mn, C1 are in accord with the impact excitation
mechanism of radiation ampli6cation. The energy levels
of the Mn activator system are deep-lying, below the
valence band of ZnS, and therefore, collision excitation
rather than the capture of injected charge carriers must
be involved. ZnS:Mn, Cl, in contrast with electro-
luminescent ZnS: Cu, is relatively free of deep donors.
The Cl coactivator introduces electron traps approxi-
mately 0.3 ev below the conduction band. The absorp-
tion of 3650A radiation apparently excites valence
electrons to these states and the coactivator can thus
behave as a donor in a high-field region. The rectifica-
tion of the light-amplifying phosphor 61m is not un-
expected. The Piper-Williams theory' emphasized that
a cathode barrier, probably of the exhaustion type,
exists at the metal-semiconductor contact for electro-
luminescent ZnS:Cu single crystals. A similar barrier
probably exists at the metal-semiconductor contact
of the ZnS: Mn, Cl 6lms; and electroluminescence,
initiated by 3650A radiation, occurs only when the
metal electrode is negative. The conditions at the
ZnS—Ti02 interface are less apparent. Although the
average field through the film during light amplification
is 10' v/cm, the field in the cathode barrier is probably
10' v/cm. In fact, the 100 A shift in the emission

spectrum observed under these conditions of excita-
tion can be accounted for by a field of this magnitude
perturbing the Mn activator system essentially by the
Stark effect. Fields of 10' to 10' v/cm are also
indicative of the collision excitation mechanism of
electr oluminescence.
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'AGNETO —IONIC theory' can be extended to
~ semiconductors whose energy surfaces in the

Brillouin zone are ellipsoidal' or warped spheres3
possessing cubic symmetry. With a magnetic field B
along the [001j, [110j,or [111jaxes, the rf conduc-
tivity tensors for electrons in germanium and silicon
can be written
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where the s axis is along B. For the [001j and [111j
directions o-» ——cr». The conductivity tensors, obtained
for each of the eight or six ellipsoids in their respective

S INCE the publication of an earlier Letter' with this
title, Clement, ' analyzing the eGect of deviations of

earlier temperature scales from the 48 scale, pointed
out that deviations of the adopted scale from the true
thermodynamic scale may cause apparently significant
anomalies in calorimetric results. The recent work of
Erickson and Roberts' and of Keller' substantiate the
deductions of Kistemaker' concerning deviations from
the 48 scale, and a new scale, for convenience called the
55 scale, seems to be established. We recalculated the
speci6c heat data based on the adopted 48 scale, using
the formula

css ——c4s[1+d (T4s—Tss)/d T).
In plotting c4s/T versus T', it was not possible to draw
one straight line through the data and an anomaly
appeared signi6cant. However, this anomaly disap-
pears if the 55 scale is used and one straight line is
able to represent the data within their accuracy. Using
least squares, we now obtain for the atomic heat of
silver below O'K: c=0.66T+0.170T' millijoules/mole
deg, which corresponds to a Debye parameter eo
of 225'K.
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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,

o.tt L1+(7p+2)b'/3p(2p+1))
o.* [1+(p+8)b'/9p) (6a)

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

& ff s (&ii+&22)~JL&ls, i(o 11 &22)')', (3a)

eight e1lipsoid models respectively, are

&u' oP—tt(p+2)ois'/3p+os„')+3oo, 'oss'/(2p+1) =0, (Sa)

(os—(gL(P+2)coss/3P+so s)
& (p+2)cov'ops/(2p+1) =0) (8b)

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.

*The research in this document was supported jointly by the
Army, Navy, and Air Force under contract with the Massachu-
setts Institute of Technology.
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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)).
~1+(p+1)b/2p)

' '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'~


