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Recently it has been proposed' that the free car-
riers in a semiconductor should exhibit optical
birefringence if their effective mass, averaged
over the ensemble of carriers, is anisotropic. It
is the purpose of this Letter to present experimen-
tal evidence of this effect.

In general, the free carriers in a semiconductor
make a contribution, due to their polarizability,
to the relative dielectric constant of the crystal
which, in the infrared region, is given by

refractive index of the crystal.
In order to obtain an expression for the contri-

bution of the free carriers to the birefringence of
the strained crystal, we started with Eq. (1) and
evaluated (1/m) by the usual deformation poten-
tial formalism. Then we evaluated the stress
optical constants from the anisotropic part of the
dielectric tensor. ' It turns out that the stress
optical constant Q« is the sum of a contribution
due to the lattice, denoted by Q«, and a free-
carrier part according to

Here e is the electronic charge, e, the dielectric
constant of free spa, e, , w the angular frequence of
the light wave, n the carrier density, and (1/m)
the average of the reciprocals of the effective
masses of the carriers. Equation (1) is based on

several approximations which are discussed by
various author s.'~

The average effective mass ean be made ani-
soiropic, for example, by disturbing the equi-
population of the sub-bands in a many-valley semi-
conductor by means of an electric or a strain field.

The present experiments have been carried out
with strained n-type germanium. The free-carrier
birefringence should reveal itself by a contribution
to the stress optical constant Q«, which is given

by

Q« = b./dX.

Here s is ihe relative phase shift of the two light
waves in the crystal, d the thickness of the crystal
in the direction of the light beam, and X the mag-
nitude of an uniaxial tensile stress in the (111)
direction. The wave normal of the radiation must
be perpendicular to the stress axis. The other
stress optical constant, Q»-Q», should, to a first
approximation, remain unaltered by intervalley
transitions. The free-carrier effect enters into
this quantity only by an isotropic change of the

where

&=8'I(m0/m])-(m0/mf)]:- S4 ) /(36~& m c'kn ).
u 44 0 0 0

Here I' is the absolute temperature, mo the free-
electron mass, mg and m~ the transverse and
longitudinal effective mass, respectively, =~ ihe
deformation potential constant and 844 the elastic
compliance for uniaxial shear, c the veloc':ty and
g the vacuum wavelength of the light, k the Boltz-
mann constant, and n, the refractive index of the
doped crystal. F~,(q,) is the Fermi integral' of
order 1/2, and the argument q, is the position of
the Fermi level with respect to the conduction
band minima in the unstrained crystal. E~ is
the derivative of I ~,. In the limiting case of
small electron densities or high temperatures
Maxwellian statistics applies, and in Eg. (3) the
factor F,~'/F~2 is then replaced by unity. Ab-
sorption effects by free carriers have been neg-
lected in the above analysis.

For the numerical c'alculations, the following
values for the parameters involved have been
used: 1.435x10 ' kg ' cm' for the elastic com-
pliance 8«,' and the cyclotron resonance values'
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for the effective-mass parameters.
The measurements were carried out with in-

frared radiation of a vacuum wavelength of
2.2 + 0.05 p, . The thickness d of the n-type ger-
manium samples in the direction of the light beam
was 2 mm. An uniaxial tensile stress up to 300
kg/cm' was applied along the (ill) direction. The
phase shift was detected by means of a Senarmont-
type compensator, and q«was derived from Eq.
(2). Details of the apparatus have been given else-
where. '

Figure 1 shows the experimental results. The
uppermost curve (1), taken from an undoped sam-
ple, represents the normal photoelasticity of the
germanium lattice which is nearly independent of
temperature. The following curves are enumerated
in the order of increasing doping density.

In order to check the quantitative agreement be-
tween theory and experiment, the carrier density
n has been determined by Hall measurements.

Additionally, it has been calculated from the re-
sistivity using the resistivity vs carrier density
relationship established by Furukawa' by means
of Hall measurements. The ratio of Hall to drift
mobility has been set equal to 0.926 for the sam-
ples (2) and (3) corresponding to Maxwellian sta-
tistics, " and equal to 0.784 for the samples (4)
and (5) corresponding to strong degeneracy. "
The influence of impurity scattering, though pre-
sumably not negligible in this range of carrier
densities, has not been taken into account.

From these carrier density values and the meas-
ured stress optical constants, the deformation
potential constant ~ has been calculated by means
of Eq. (3) for a lattice temperature of 90'K. The
results as given in Table I yield a value of 18.9
+ 1.7 ev, which is in fair agreement with Fritz-
sche's value of 18.5 ev determined from piezo-
resistance measurements. " Additionally, the full
curves in Fig. 1, which have been calculated from
Eq. (3) using corresponding values of n and:-~,
give a satisfying representation of the tempera-
ture dependence of Q«. We regard this agree-
ment between theory and experimerk as a con-
firmation of the proposed concept of free-carrier
bir efringence.

If the Maxwellian approximation is introduced
for the carrier distribution function, we get a
good fit for the sample (2). However, this ap-
proximation obviously fails to apply for more
strongly doped samples, as can be seen from the
broken line in Fig. 1 which corresponds to sam-
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FIG. 1. Temperature dependence of the stress op-
tical constant @44 for n-type germanium samples of
different carrier densities. The curves are denoted

by the same numbers as their corresponding samples
in Table I. The full lines are theoretical curves cal-
culated from the data given in Table I by means of
Eqs. (3) and (4). For the sake of clarity, the curve
corresponding to sample (4) has been omitted. The
broken line represents a calculated relationship cor-
responding to sample (5) assuming a Maxwellian car-
rier distribution function.

Sample

(1)
(2)
(3)
(4)
(5)

&10

17.7
7.3
5. 1
4. 6

~ ~ ~

0.20
0. 89
1.26
l. 33

p ~ ~

0. 74
1.1
1.26

~ ~ ~

20. 6
17.8
16 4e
17.2

~ ~ ~

20. 6
18.3
18.5

a
Author's Hall measurements.
Furukawa's data (reference 10).c
Calculated from values of na given in the third

column.
d

Calculated from values of n~ given in the fourth
column.

e
This sample showed strong inhomogeneities of

impurity distribution.

Table I. Resistivities p in 10 ohm cm, carrier
densities n~ in 10 8 cm, and deformation potential
constants "z in ev as derived from birefringence
measurements, for different n-type germanium sam-
ples. All data are taken with antimony-doped samples.
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pie (5) assuming Maxwellian statistics.
In these considerations, no explicit dependence

on temperature of the carrier density has been
taken into account. This is, at least for the sam-
ples (4) and (5), justified by the fact that the donor
ionization energy tends to disappear for donor
densities of the order of 10' cm

Extending these measurements to longer wave-
lengths would increase their sensitivity as well
as their accuracy for two reasons: First, the
free-carrier effect increases proportionally to
~ as long as relaxation effects may be neglected;
and second, the lattice birefringence decreases
as ~ ' in the absence of dispersion. Thus an im-
provement of the ratio of the electronic to the lat-
tice contribution to birefringence proportional to
g' can be obtained. Experiments in this direction
are in progress.

The author is indebted to Professor D. Polder,
Dr. H. J. G. Meyer, and Dr. N. J. Harrick for
stimulating discussions, to Miss I. Ruether and
D. Restorff for carrying out the optical and the
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Recently two interesting experiments'" were
published, in which the electromagnetic radiation
arising from the passage of fast electrons (25 kev)
through thin (450-1500 A) silver films was inves-
tigated. At the light wavelength A, =3300+ 100 A,
the spectral distribution of the radiation was found
to have a comparatively sharp peak. The strength
of the peak proved to be a periodically varying
function of the film thickness. Finally, the angular
distribution of the radiation was investigated.

Interpreting their experimental results, the
authors of those papers'" consider them as cor-
roboration of the theory of plasmons and, in par-
ticular, of the theoretical work by Ferrell' in

1958. In this communication we try to show that
the observed electromagnetic radiation'&' is the
transition radiation predicted by Ginzburg and
Frank as far back as 1946. At the same time,
the regularities of the transition radiation de-
tected in the experiments'" are well described
by the formula for the spectral and angular dis-
tributions of the transition radiation produced by
the electrons passing through the film (normally
to its surface) which was obta. ined by Pafomov'
(see a,iso Garibian and Chalikian'). For nonrela-
tivistic particles and not very large values of the
dielectric permeability, this formula takes the
form

dW = (2e'g'/zt c')d~d8 sin'8 cos'8 lA(&u, 8) I', (1)

-z~~d/c z(u~d/c z(ud/v
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