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This Letter describes an experimental tech-
nique that promises to be useful in the study
of the energy band structure of solids. The
technique is based on the fact that the optical
ref lectivity of a substance is in general changed
by stress. The details of the changes depend
upon the type of stress, the band structure of
the material, and the wavelength of the light.
These changes are most pronounced near the
onset of direct interband transitions, and thus
can yield information about these transitions.
Since strain is a second-rank tensor, it is pos-
sible to obtain from singLe-crystal samples
not only the position in energy of these transi-
tions but also information about their location
in the Brillouin zone. Further, the magnitude
of the changes that are induced by a stress of
known magnitude gives information about the
deformation potentials of the bands involved.
The potentialities of piezo-optics for yielding
this type of detailed information have long been
recognized. ' In practice, however, the results
have been severely limited by experimental
difficulties. Previous static measurements
of piezoreflectance' under uniaxial stress have

required large (-10 ') sample strains. Since
few materials may be strained this severely,
this technique has been of limited usefulness.
The experiment described below utilized os-
cillatory applied strain and synchronous de-
tection at a frequency that is high in compari-
son with fluctuations in the photodetectors and
other sources of instability. The resulting
improvement in stability allows measurements
to be made of relative ref lectivity changes,
AR/8, as small as 5x10 '. As a result, the
method is useful for studying a wide range of
solids. This sensitivity is similar to that re-
ported by Seraphin and Hess' in measurements
of electric-field-induced ref lectivity changes
in Ge. The ultimate sensitivity of this type of
system is limited by photon shot noise. The
sensitivity limit quoted above was in fact due
to this source over much of the range covered.
Even greater sensitivity could therefore be ob-
tained if desired.

The experimental arrangement is shown sche-
matically in Fig. 1. The sample to be studied
is polished, and/or etched, and is mounted
directly upon a piezoelectric transducer. An-
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FIG. l. Schematic representation of the experimental
apparatus showing a block diagram of the optical and
electrical components, and an insert drawing showing
the sample and transducer assembly.

other procedure useful in the case of metals
is to evaporate a. film of the metal to be studied
directly upon a, polished face of the transducer.
The samples are strained by driving the trans-
ducers at the desired frequency. The ac com-
ponent of the reflected signal is detected syn-
chronously with the driving voltage by means
of the lock-in amplifier shown. The servo con-
trol of the monochromator slits adjusts the
amount of light falling upon the photodetector
so that the dc operating point of the detector
is kept fixed. This automa. tically compensates
for source-intensity fluctuations, and for wave-
length variations of source intensity, detector
sensitivity, a,nd sample ref lectivity. The ac
output is thus directly proportional to AR/R
independent of wavelength. For the experi-
mental results shown below, the transducers
mere of the lead-zirconate-titanate type. The
samples of Ge and Si were soldered to the trans-
ducer electrodes, and the Cu sample was evap-
orated directly onto a polished surface of the
transducer. The operating frequency was ap-
proximately 1 kc/sec.

Figure 2 shows the results obtained for Si
in the energy range 2.8-4.5 V, for Ge between
1.6 and 4.6 V, a.nd for Cu between 1.9 and 5.6 V.
Figure 3(a) shows the piezoreflectivity, AR/R,
in the vicinity of the direct edge of Ge. All
these measurements were made with the sam-
ples at room temperature and with a.n applied
dilatation of approximately 3 &10 ' rms.

In general, the ref lectivity at normal inci-
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FIG. 2. Fractional change of reflectivity versus
photon energy for Cu, Ge, and Si surfaces under a
strain of approximately 3 & 10 rms, at room tem-
perature. The zero is an instrument zero and should
be considered arbitrary due to experimental uncer-
tainties. Increasing R with compression plotted posi-
tive for Cu, and negative for Ge and Si.

dence is given by

(n -1)' + k'
(n + 1)'+0"

where n and A are the real and imaginary parts
of the index of refraction, respectively. Al-
though n and k are both simple numbers in un-
stressed cubic material, the index of refrac-
tion in stressed material can be different for
different directions of polarization. Through
Eq. (1), the piezoreflectivity is therefore depen-
dent on the polarization direction, the directions
of the stress, and the crystallographic direc-
tions. For cubic symmetry, in general, there
are three independent complex constants in-
volved in this effect, and several different ex-
perirnents are necessary to determine all of
them. The data for Ge and Si, shown in Fig. 2,
are observed to depend upon polarization direc-
tion and crystal orientation relative to the stress
axis, but these aspects of the data are beyond
the scope of this Letter, and will be reported
elsewher e.
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and

B = 8nk/[(n+ I) +k ][(n-1) +k ]. (4)
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FIG. 3. (a) Fractional change of ref lectivity versus
photon energy for the Ge transition I 25'-I'2' under a
strain of approximately 3 & 10 rms, at room temper-
ature. Arbitrary zero as in Fig. 2. Increasing 8 with
extension plotted positive. (b) Fractional change of
reflectivity versus photon energy calculated for GaAs
assuming a rigid shift of the optical absorption spectra
for the transition I 25&-I'2f by 3 && 10 eV. (Calculated
zero position. ) Increasing A with extension plotted
positive.

(n'-k'-I)
[(n+1)2+k2][(n-1) +k ]' (3)

The general structure at the direct edge of
Ge, as shown in Fig. 3(a), may be understood
in terms of a simple deformation-potential'
model. By means of the Kramers-Kronig re-
lations' the relative ref lectivity change can be
related to a change of the absorption coefficient
So.(u)):

LlA ~ c AQ(4)')Ad' c
B ( ) ( )

7T 0 [+ —Q) ] 2(l'

where

According to the deformation-potential mod-
el, both bands involved in an optical transition
are shifted by an amount proportional to stress.
To first order the absorption due to these
transitions is shifted by an amount proportion-
al to the difference of the deformation poten-
tials of the two bands involved. This model
has been applied to gallium arsenide, and the
ref lectivity changes in the vicinity of the direct
edge resulting from a rigid shift of the absorp-
tion coefficient by 3 &10 4 eV are show in
Fig. 3(b). This calculation used the absorption
coefficients as measured by Sturge together
with n's deduced from the ref lectivity mea-
surements of Philipp and Ehrenreich. ' All of
the changes shown in Fig. 3(b) result from the
integral term of Eq. (2). For both germanium
and GaAs at wavelengths close to their lowest
direct edges, the quantity A is very much larger
than B. The effects near these edges for both
of these materials are therefore due solely
to variations in n. Thus, aside from a differ-
ence in magnitude, the deformation-potential
model predicts the same behavior for these
two cases. The shift of 3&10 4 eV for the GaAs
calculation corresponds to a net deformation-
potential difference for the I » —I', transition
of 10 eV' and an applied rms dilatation of approx-
imately 3 xIO '. A comparison of Figs. 3(a)
and 3(b) shows that this simple model accounts
for the gross features of the experimental re-
sults at this direct edge. The magnitude of the
step between low and high energies and the ad-
ditional structure near 0.81 eV, resolved in
the insert of Fig. 3(a), was not obtained from
the calculation.

In general the shape of the observed ~/R
signal associated with a certain transition will
depend on the type of transition and on the rel-
ative magnitudes of A and B in Eq. (2). These
effects contribute to the complexity of the spec-
tra exhibited in Fig. 2. In addition, several
transitions may be nearly degenerate, further
complicating the structure. A detailed anal-
ysis is required before a precise interpreta-
tion can be made.

For silicon near 3.4 eV two types of transi-
tions are expected, I » -I'» and L, -L, .' Each
of these is a spin-orbit split doublet. For ger-
manium near 2.2 eV the transitions L,I-L, and
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A3 Ay are expe cted ." The tr ans ition I'» i —1"»

is expected near 3.0 eV. For both silicon and

germanium additional structure is seen in the
vicinity of 4.3 eV corresponding to the transi-
tions X4 Xy a.nd Z4-Z, .

In copper, there is strong structure observed
in the regions 1.9-2.3 V and 3.8-5.2 V, includ-

ing abrupt changes in slope near 1.9, 3.8, and

4.9 eV. In the vicinity of 4.9 eV, transitions
X5 X4y 3 Z $, and between the two bands be

longing to Z, are expected. In the vicinity of
3.8 eV, the transition Z4-~, is expected, and

the structure near 2 V is almost certainly re-
lated to transitions, from Q+, Q-, and h~ to
the Fermi surface. " Structure over this en-
ergy range has also been observed by reflec-
tivity. '3

This Letter describes piezoreflectance mea-
surements 100 times more sensitive than pre-
vious results. This increase makes piezore-
flectance measurements applicable to a much

larger number of materials. The experimen-
tal data can be used to determine interband
transition energies and deformation potentials,
and can provide information about the location
of the tra, nsitions in the Brillouin zone. The
result of this experiment indicates that a. simi-

lar peizo-optical transmission experiment is
possible.
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A method for calculating relativistic energy
bands was recently developed by the author. '
This method, which can be thought of as a gen-
eralization of the augmented plane-wave meth-
od, ' was shown to give accurate results for a
transition element in its first application to
tungsten. 3 For that metal it was found that the
spin-orbit splitting of degenerate levels as pre-
dicted by those calculations was in quantitative
agreement with experimental results.

In this Letter we present the results of an
ab initio energy-band calculation for lead using
the re1ativistie augmented plane-wave (RAP%)
method. These results are shown as solid
curves in Fig. 1 and will be compared with the
Fermi surfa, ce a,nd ba, nd structure proposed
by Anderson and Gold. ' On the basis of de
Haas-van Alphen measurements, these authors

have given a very complete description of the
Fermi surface using a pseudopotential inter-
polation scheme in which the spin-orbit inter-
action was taken into account. This parame-
trized Fermi surface was also found to be in
very good agreement with experimental results
obtained by other workers. The energy bands
predicted by Anderson and Gold' are shown
as dashed curves in Fig. 1 for comparison with
the present results.

The theoretical Fermi energy was chosen
such that intersections with the bands would
give the best possible agreement with the pa-
rametrized Fermi surface; this surface was
shown to very closely satisfy the requirement
of equal hole and electron volumes. To facil-
itate comparison, the zero of energy for the
RAP% bands has been shifted to bring the Fer-
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