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if monocrystalline films can be made. Note
that we have verified the energy dependence
of the renormalized vF. It is noteworthy that
the thick film need not be a superconductor;
a normal metal coated with relatively thin su-
perconducting films on the back and (possibly)
the front can be used. ' Especially in that case,
the effect presents a striking demonstration
of the nature of superconductivity as an elec-
tron pair condensation which mixes hole and
electron quasiparticles, since it is precisely
an interference effect between hole and elec-
tron propagation, which appears meaningless
in a normal metal.

It would also be interesting to study this ef-
fect as a function of 6& by using various coat-
ing materials, as well as to study the effects

of various surface preparations on 6~.
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It has recently been shown'2 that mea, sure-
ments of the polarization dependence of the
piezoreflectance in Ge and Si can give detailed
information on the nature of the transitions
involved. These measurements were in the
energy region corresponding to direct transi-
tions. We wish to report on the polarization
dependence of piezoabsorption measurements
in the indirect absorption region from which
one can directly obtain information on the sign
of the deformation-potential constants which
are only indirectly obtainable otherwise. In
addition, we obtain information about the sym-
metry of the intermediate state of the indirect
transition. Furthermore, it may be possible
that these techniques can be used to obtain the
same information for materials with degener-
ate valence bands similar to those in germani-
um and silicon. Ne have verified that the val-
ence-band deformation potentials in germanium
are both negative.

The valence band in germanium and silicon
is a fourfold degenerate J= 2 state at the zone
center when spin-orbit splitting is taken into
account. Under uniaxial stress along (111)
or (100), the degeneracy is partly removed
and two doubly degenerate levels m = +2, m =+—,

'

result, which are quantized along the stress ax-
is. The deformation potentials which determine
the splitting have been determined for silicon
by Hensel and Feher~ and for germanium by
Hall and Koenig' and Glass. ' All these experi-
ments establish directly the sign of the product
of the deformation potentials and a valence-
band effective-mass parameter B or N. ' The
signs of the latter in germanium are well known

theoretically from the ordering of the energy
levels at the zone center. In silicon Hasegawa'
has shown tha. t the effective mass of the jm (

=-,'

band should change with strain due to admix-
ture of these states with the nearby spin-orbit
split-off band. From the presence of a sub-
stantial change in the effective mass, Hensel
and Feher' have determined that the Im ) =-,'

band moves upward under compressive stress
relative to the [m [ =

& band for both (100) and

(111)stress, establishing the sign of the de-
formation potentials. This resolved the pre-
viously existing theoretical uncertainty about
the sign of B."

In our direct method we measure the polar-
ization dependence of the absorption coefficient
of uniaxially stressed germanium and silicon
in the region of the indirect absorption edge.
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The experimental results determine directly
which band moves up, as follows.

The rate of transition between one of the va-
lence-band states and the intermediate conduc-
tion-band state near k=0 is proportional to
the square of the matrix element of e.p, where
e is the polarization direction of the incident
light and p is the electron momentum operator. '
The various initially degenerate valence-band
states contribute matrix elements which differ
in their dependence on polarization. Since the
crystal is cubic, as long as the valence-band
states remain degenerate, there can be no over-
all polarization dependence when we take all
the states into account. Also, all the matrix
elerrents of the components of p between va-
lence- and conduction-band states can be cal-
culated in terms of one independent parameter.
Under uniaxial stress, which removes the va-
lence-band degeneracy, the absorption constant
will no longer be isotropic, since each of the
split bands contributes its own polarization
dependence to the absorption at a different wave-
length.

The calculation of the relative strengths of
the transitions through the intermediate states
proceeds as follows: In the notation of Koster
et al. ,

' at the zone center the valence-band
wave functions of Ge transform under rotations
as the I'8+ representation of the Oh group (these
are J= a states), the intermediate states as
I', , and the components of the momentum as
I"4 . Under uniaxial stress along a (100) di-
rection, the )gyes (= ~ sublevels of I',+ separate
from the Im I

= 2 sublevels quantized along (100).
The relative values of the matrix elements
can be found directly from the table of coupling
coefficients, 'o which are given in a (100) coor-
dinate system.

For uniaxial stress along (111), the valence
band also splits into two twofold sublevels
Im I

= &, I m I
= —, now quantized along the (111)

direction. The wave functions for jm I
= —,

' quan-
tized along (111)expressed in terms of the
(111)coordinate system have a different form
than have the wave functions for )m I= 2 quan-
tized a,long (100) in terms of the (100) coordi-
nate system. This is easily seen by realizing
that the state quantized along (100) must be
invariant under a fourfold rotation about z where-
as the state quantized along (111)must be in-
variant under a three-fold rotation about z'.
We must therefore calculate the matrix elements

by rotating all our representation to the (111)
coordinate system, and we can thereby express
the desired matrix elements in terms of the
ones referred to a (100) system.

The results show that, in germanium, the
Im|= & valence-band states have zero matrix
elements for absorption parallel to (111)stress
while the matrix element for absorption per-
pendicular to (111)stress is three times larger
for the lm I= 2 than for the Irn I

= 2 states. There-
fore, in order to determine which band is near-
est to the conduction band, one merely has to
observe whether parallel or perpendicular
polarization has a larger absorption coefficient
at long wavelengths. Similar effects take place
for (100) stress and for silicon. Table I lists
the relative size of the matrix elements from
the various states for germanium and silicon.
For germanium, the absorption for parallel
polarization is seen to come entirely from lm l

= a states if the stress is in (111)and from
Im I

= a states for stress in (100).
In Fig. 1, we plot the absorption coefficient

n of a germanium sample under a stress of
4.5x10a kg/cma in the (100) direction versus
incident photon energy. We plot n for both
parallel and perpendicular polarization. We

note that the onset of absorption occurs earlier
for perpendicular polarization than for paral-
lel polarization by an energy of about 0.02 eP.
This indicates that the )m I= ~ state is upper-

Table I. Relative matrix elements (squared) for transitions from the valence band lm l to the conduction band at

In unstressed germanium or silicon the various I m I states are degenerate, and the sum over I m I, which we

normalized to one, is the same for polarization parallel and perpendicular to the stress.

Stress direction
Polarization direction Parallel

(tii)
Perpendicular Parallel

(zoo)
Perpendicular

Germanium

Silicon

0

7/12
5/u

11/24
13/24

1

3

8
3

88
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FIG. 1. Absorption coefficient versus incident pho-
ton energy for the case of a uniaxial stress of 4.5 &&10

kg/cm2 applied to a germanium crystal along [100j.
The two sets of data are for polarization parallel and
perpendicular to the stress axis.

FIG. 2. Absorption coefficient versus incident pho-
ton energy for the case of a uniaxial stress of 7& 103
kg/cm2 applied to a germanium crystal along [111].
The two sets of data are for polarization parallel and
perpendicular to the stress axis.

most and permits a calculation of the deforma-
tion potential b. We find b =-1.8 eV, in good
agreement with the data of Hall. ' This verifies
the correctness of our interpretation. It also
verifies that the intermediate state is at I' since
the valence-band splitting could determine the
pola, rization dependence only for a transition
a.t I'. Incidentally, it also shows that the inter-
mediate state could not be I'» as it is in sili-
con.

En Fig. 2, we plot the same data. for a, stress
of vx10~ kg/cm in the (ill) direction. We
note that absorption starts at the same energy
for both polarizations, but is much stronger
for parallel than for perpendicular po&ariza-
tions. This shows that the Im l =-,' state is high-
est in this case too, since the Im I = ~ states
do not contribute to the parallel polarization.
Furthermore, the Im I= & states are expected
to absorb the parallel polarization more strong-
ly than the perpendicula, r pola, rization, which
is indeed the case. We thus conclude that the
deformation potential d is also nega. tive. If

the experiment were performed using tensile
stress, one should see only perpendicula, r po-
larization initially and be able to measure the
magnitude of the deformation potential.
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