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Galvanomagnetic effects have been ex~rrii~ed in p-GaSb using uniaxial compressional stresses up to
10' dyn/cm' in the temperature range 50-300'K. At liquid-nitrogen temperature, the high-field Hall

coef6cient shows a weak relative maximum at low stresses, but decreases monotonically with further

increase in stress. The high-field behavior is analyzed in terms of stress-induced decoupling of the
valence bands. The analysis also includes stress-induced splitting of the impurity states and

strainMependent deformation of the energy surfaces. Although the models used can be made to fit both
the low-stress and high-stress regions, a good fiit cannot be obtained over the entire stress range for a
single set of parameters. Qualitative arguments are presented which indicate that the full theoretical

form for the deformation of the energy surfaces as given by Pikus and Bir must be utilized to explain

the data.

I. INTRODUCTION

After the initial investigation of Hall on p-type
Ge, very little work has been done using uniaxial
stress for the study of galvanomagnetic properties
in p-type semiconductors. We recently reported
the results of such an investigation on P-GaSb.
In that work we examined the behavior of the Hall
coefficient and mobility in the temperature range
50-300 'K using uniaxial compressional stresses
up to 10' dyn/cm . The results were interpreted
in terms of the decoupling of the valence bands
and the reduction of the impurity activation energies
with increasing stress. A good fit was obtained
to the data using a simple two-band model with uni-
form separation of the band edges with stress.
Also, the model utilized an impurity-level scheme
suggested by Jakowetz et al. 3 from luminescence
and photoconductivity results. This level scheme
assumes the presence of both monovalent and di-
valent impurity centers. Our analysis, based on
a least-squares fit of this model to the data, in-
dicated that only the neutral state of the divalent
impurity contributes carriers to band conduction
at 77'K and below. An obvious feature of the data
noted in our earlier results was a strong monotonic
decrease of the Hall coefficient at high stress.
However, there were also indications of a weak
relative maximum at low stress. This latter fea-
ture is not explainable on the basis of the previous
model. Additional data which we present below
give further evidence of the existence of the low-
stress Hall coefficient maximum. An important
clue to a more complete understanding of the band
structure of p-GaSb may rest on an explanation of
this particular feature of the sample behavior.

The present work considers modifications of the
earlier model to predict the high-field Hall-coef-
ficient behavior over the complete stress range.
Three new models, which consider different func-
tional variations of (i) the stress-induced deforma-

tions of the valence bands, and (ii) the strain split-
ting of the impurity levels, are presented. The
band deformations are introduced from empirical
considerations. The strain dependence of the im-
purity-level splitting has been considered both for
a monovalent and a divalent impurity. It will be
shown that the prominent features of the data can
be separately explained by these modifications,
but a good fit cannot be obtained over the complete
stress range for a single set of parameters. Quali-
tative arguments are presented which indicate that
the full theoretical form for the deformation of the
energy surfaces, as given by Pikus and Bir, must
be utilized for a correct interpretation of the data.

Earlier we had assumed two-band conduction to
explain the field dependence of the Hall coefficient
at zero stress. We briefly analyze the experimen-
tal results for both the Hall coefficient and trans-
verse magnetoresistance using a simple two-band
approximation to justify our previous assumption.
The Hall-coefficient behavior is also shown to be
consistent with warped energy surfaces.

In Sec. II we discuss the experimental proce-
dure. The results, together with our analysis,
are given in Sec. III. Appendix A outlines the pro-
cedure for extracting the transport parameters
from the field dependence of the Hall coefficient.
In Appendix 8 we give the details of the deriva-
tion of the density-of-states function obtained from
the Pikus-Bir theory.

II. EXPERIMENTAL PROCEDURE

Undoped single crystals of p-GaSb used in this
investigation were grown by the Czochralski tech-
nique. Samples prepared for application of stress
along (111)were cut perpendicular to the growth
axis; twinning in the ingot required cutting (100)
oriented samples oblique to the growth axis. Hall-
coefficient results using two pairs of contacts in-
dicated that all samples were homogeneous to with-
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in the precision of the measurements, over the
entire stress range. Sample dimensions were
typically 1&& 1x 8 mm as prepared for mounting.
A uniaxial-stress apparatus based on a design by
Cuevas and Fritzsche and built by Seilere was em-
ployed in the measurements. Indium solder con-
tacts were used for attaching the four potential
probes and the two current leads. Stress greater
than 1 x10'~ dyn/cm~ was achieved in this apparatus.
Temperature stability was ensured by the direct
immersion of the sample in the appropriate cryo-
genic liquid. The following temperature baths
were used: liquid freon-14 (146 'K), liquid methane
(112 'K), and liquid nitrogen (77 'K). Pumped solid
nitrogen was used to obtain measurements at 53 K.
The emphasis in the data acquisition was on estab-
lishing the Hall-coefficient behavior at the high-
est stresses possible. Because of electrode and/or
sample failure, the temperature dependence of R~
and p on a single sample at high stresses was not
experimentally accessible.

III. RESULTS AND ANALYSIS

A. Hall-Coefficient Behavior

The field dependence of the Hall coefficient at
three different temperatures is shown in Figs. 1
and 2 for [111]and [100] stresses, respectively.
Figure 4 gives additional data for [111]stress at
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FIG. 2. Hall coefficient vs magnetic field at 77, 112,
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FIG. 1. Hall coefficient vs magnetic field at 77, 112,
and 146 'K for X II [111]. y is in units of 10~ dyn/cm~.

53 'K. The sample behaviors are seen to be nearly
independent of stress direction. At zero stress,
the field dependence of RH decreases rapidly with
increasing temperature. The same effect is noted
with increasing stress; as seen in both Figs. 2
and 3, the field dependence reverses noticeably at
moderate stresses for both stress orientations.
At B=O, and at B=2.5 T, R„varies more rapidly
with stress X for X II [100] than for X il [111]. We

note a small maximum in R„(2.6 T) versus X for
X II [111], as is evident in Figs. 1 and 3. Additional
data, which are not presented here, confirm that
the feature is also present for the case X ll [100].
This behavior, which is displayed more clearly
in the inset in Fig. 4, increases in prominence at
lower temperatures. In all cases except near zero
stress, R~ appears to be independent of field at- 2. 5 T. In a separate experiment, carried out
at VV K, to 4 T, we find that at zero-stress RH
approaches saturation to within 5% at 2. 5 T.

B. Magnetic Field Dependence of R~ and p at Zero Stress

Previous galvanomagnetic studies of p-GaSb
Itilizing uniaxial st;ress have been limited to a tem-

perature region where impurity-band conduction
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FIG. 3. Hall coefficient vs magnetic field at 77 K for
y() fill]. y is in units of 109 dyn/cm .

dominates. Above 20'K the same results indicate
normal-band conduction. Our work is in the region
50-300 K. We therefore assume an analysis b~ed
on conduction in the F, bands only.

We first treat the zero-stress Hall-coefficient
data using a procedure outlined by Lavine and
Ewald. The analysis is valid for conduction in two
spherical parabolic bands. Later in this section
we discuss a calculation which considers the ex-

0
~

Bs~ 0
5 R „-Rp] IIR „-Rp

where RO=Rs(B-O}, R„=Rs(B-~}, and hR„=R„
-Rp. The quantities , P, p, and 5 are defined
in Appendix A, which outlines the details of the
calculation. They are related to the transport
parameters p, , P„p„, and p„, where the sub-
scripts l and h refer to the light and heavy holes,
respectively. A plot of ROB~/AR„versus Ba us-
ing experimental Hall data and the zero-field con-
ductivity Op yields values of the transport parame-
ters. Figure 5 shows a least-squares fit for sam-
ple VBB-5. The results of the fitting procedure are
listed in Table I for typical samples used in the
stress investigation. A similar analysis, developed
by Champness for the treatment of transverse-
magnetoresistance data, has also been employed.
This method requires a least-squares fit to the
equation

poB~/4p = (1+cB }/b,

where pp is the zero-field resistivity, 4p= p —pp,
and 5 and c are related to the transport parame-
ters. By assuming the approximations p, , » p&
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FIG. 4. Hall coefficient vs magnetic field at 53'K for
ply till). y is in units of 109 dyn/cm2. The inset shows
the stress dependence of the Hall coefficient at 8= 2. 5 T.

FIG. 5. Hall-coefficient dependence on magnetic field
at y= 0 plotted according to Eq. {1). The straight lines
represent the least-squares fit to the data.
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TABLE I. Transport parameters determined from the two-band analysis of the zero-stress Hall
coefficient and magnetoresistance data.

Sample

72B-3

Temp.
(K)

Rp 0'p

(cm /C) f.(Q cm) ]

277. 5 8.91

~2
(cm 3)

4.74 x 10~4

7.98 x 10'4
3.09 x10~P

3.21x10ie
10800

9 000
1 600
1 500

Pi
(cm /V sec) (cm /V sec) Data

112

146

112

146

125.0

83.0

280. 0

120.0

82. 5

15.03

16.89

8.63

14.55

16.39

8.12x 10~4

1.75 x 10~~

1.52x 10"
2.18x10

4.35x10i4
1.04 x lo'4

7.64 x 10~4

2. 20x10~5

1.24 x10~~

3.27x 10

6.20 x 10~6

6.60x10

8.98 x 10~6

1.01 x 10~7

2.96x10~6
3.61x10ie

6.34x10~6
7.16x 10~6

9.12x 10~6

1.03x 10&7

8 100
6 500

5 200
5 200

10 500
8 400

7 600
5 700

5600
4 400

1 400
1 200

1 100
1 000

1 600
1 200

1 300
1 100

1 000
900

R
P

R
P

R
P

R
P

and p„»p» Champness has shown that

ih, = (c +b)/fe,

p, =b(v'c) co/e(c+b),

y h
= [(c +b)/c](Rheo b/ Kc—),

ph = (c/(c +b)P (co /e)(Ro co —b &c) '
~

(3)

Figure 6 shows the least-square fits obtained for
sample 72B-5. The transport parameters derived
from this analysis are also presented in Table I.
The Hall-coefficient and resistivity results are
separately designated by R and p in the last column
of the table. Stirn and Becker' have outlined the
calculation of pgp, and p, , /ph for warped energy
surfaces, based on an earlier method given by
I ax and Mavroides' for p-Ge. We use band pa-
rameters averaged over values given by Stradling
and Reine et al. ,

'3 as follows: A = 12, B= 8, and
C = 144. These give a value for B'= 9.4, leading
to ph/p, = 31.5. Invoking the assumption of Stirn
and Becker' that the relaxation times for both
types of holes are equal, we get p, , /ph= 8. 33. The
experimental mobility ratios obtained from Table
I are seen to be close to the theoretically predicted
value. The hole-concentration ratios deter-
rnined from resistivity data are close to the pre-
dicted value, while those obtained from Hall data
are no more than a factor of 2 greater than ex-
pected.

We brieQy consider the complications intro-
duced by a more realistic model, which includes
warping of the hole surfaces and mixed scattering.
A theoretical treatment of the field dependence of
the Hall coefficient for this case was first con-
sidered by Beer and Willardson'~ for P-Ge. This
analysis involves a calculation of Rs(B)/Rs(~) in
terms of known band parameters and a quantity P,
which weights the various scattering processes

Of
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FIG. 6. Transverse magnetoresistance vs magnetic
field at y= 0 plotted according to Eq. (2). The straight
lines represent the least-squares fit to the data.

between lattice and impurity scattering. For pure
lattice scattering, P= 0. An approximate fit,
shown in Fig. 7, was calculated using P, =10.0,
ph = 3.0, p, /p„= 0.09, p, /p, h

——8.0, n = 0.98,
a=0. 935, b3=0. 141, and bz =0.059. The values
of 0. and a chosen in this work were given by Beer
and Willardson for P-Ge; b3 and 5, were calculated
using the values of A, B, and C listed above. The
theoretical and experimentally obtained results are
plotted in Fig. 7 in terms of a magnetic field pa-
rameter (Vh)'I'=0. 75w'I'10 'ihhB. Although the
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I I I I I I I II valent impurity level under stress. Bir et al. '
have investigated the effects of stress on shallow
monovalent acceptors in Ge and Si. For such crys-
tals, they indicate that the levels split under
uniaxial strain into two twofold-degenerate states.
The splitting is described by the following rela-
tion:

d, —2(qb [(e~ e~) +(e~-egg) +(fqy tgg) ]

+d (f~+e g+ ey )] (4)

I

.02
I I I I I I I I I I I I I I I I I
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I

(T„) Mclgrtytic Field Parameter

FIG. 7. Hall-coefficient dependence of magnetic
field at g=0. The smooth curve is calculated from the
theory of Beer and %'illardson for warped surfaces. The
experimental data are represented by circles.

l. NodelI

The first model which we consider assumes that
the neutral state exhibits the properties of a mono-

agreement between theory and experiment appears
quite good, the choice of parameters should not
be considered unique. We conclude from this brief
analysis that the zero-stress Hall data are con-
sistent with warping.

Beer' has shown that the Hall-coefficient factor
Rs(B)/Rs(~) may rise monotonically to saturation
values for a single warped-band model. As pointed
out previously, our stress data are interpretable
in terms of decoupling of the valence bands. It is
therefore possible that the rise in the Hall coef-
ficient with field, seen in Figs. 2 and 3 at moderate
stresses, may be indicative of conduction in a
single warped band. An analysis of this feature
awaits more detailed information regarding the
deformation of the hole surfaces and changes of
scattering mechanisms with stress.

C. Stress Dependence of Hall Coefficient at Strong Fields

At strong fields, the Hall factor r- i, leading
to a useful simplification in the determination of
the total carrier concentration. By restricting
our attention to this field region, we avoid com-
plications arising from deformation of the hole
surfaces and the complexities introduced by con-
sidering energy-dependent scattering m echanisms.
We assume that Rs(2. 5 T)=Re(~) = [e(p, +pL)] ' for
all stress values. Earlier we showed that the tem-
perature dependence of R„(2.5 T) at zero stress
could be fitted using a level scheme involving a
single divalent impurity center. As mentioned
in Sec. I, the neutral state of this impurity, which
occurs at 34. 5 meV, is the only level needed to
account for band conduction at 77 'K and below.

where 5' and d' are the impurity-level deformation
potentials and the E&&'s are components of the strain
tensor. The theory is appropriate for 6« IE& ),
where E, is the ionization energy of the impurity.
For the two stress orientations involved in our ex-
periments, the splittings are as follows:

~= (1/~2)d's«l xl t» x II [111]
~ = 2b'(s„- s») I x I

i» x II [lool,
(5)

where the S&&'s are the elastic compliance corn-
ponents and X is the applied stress (X & 0 for com-
pressive stress). (Since the analysis for X tt [100]
is completely analogous to the results for X II [111],
we will only carry out calculations for the case of

X ll [111]for which we have more extensive data. )
Combining the above result with the zero-stress
ionization energy E„we can represent the split-
tings in the form

~&=~&+&x (5)

where Y is haU the proportionality factor given in
Eq. (5) for X I [111].

According to the work of Bir and Pikus, "when
a uniaxial compressional stress is applied along a
[100]or [111]crystallographic direction in a semi-
conductor having diamond or zinc-blende crystal
structure, the degeneracy of the J=+-,' state is
partially removed. The fourfold-degenerate I'8
bands are split into two doubly degenerate states
with M&=+-,' and M&=+ —,'. Under compressive
stress the M~ = a —,

' states (light-hole band) move
to lower hole energies; complete decoupling of the
valence bands is expected at infinite strain. We
had previously assumed a linear splitting of the
bands but had neglected changes in hole surface
geometry. Linear splitting is retained in the
present work and is given by

&r = —&X y &a= &X

(Hole energies are taken as positive; therefore
5&0 for our work. ) The present work takes into
account deformation of the bands by considering
two different functional forms for the variation of
the density of states with stress. In model I the
density of states of each band is assumed to vary
linearly with stress. Both the theory of Pikus and
Bir and the calculations of Hensel and Feher'
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give identical results for the density-of-states val-
ues at infinite strain. These theories yield ener-
gy surfaces which are ellipsoids of revolution,
with the unique axis along the stress direction.
These surfaces can be characterized by perpendic-
ular, m,*, and parallel, mI~I mass components.
For X II [111], the mass components are related to
the band parameters by the expressions

I.OA

0.9

0.8

T= 53 K

2.54 eV
4. I eV

m~+ = —,'K (Aw $N), m~ = —,'K (A+3N), (8)

where N= [3(C +3B )]' . In Eqs. (8) the positive
superscript designates the light-hole mass and is
accompanied by the upper sign in the parentheses.
In all subsequent calculations to be described, we
used the following values for the inverse mass
parameters: A=13, B=8.6, and C =16. (The
theoretical behavior of the HaQ coefficient is not
appreciably altered for this set of parameters as
compared to the behavior found using the values
given in Sec. IIB.) Using these parameters, we
find m~(X ~) = 0. 085m, and mz~(y- ~) = 0.093m„
where m~ = (m, m„'I ) ~~. Since these mass values
are nearly equal, we employ a single limiting val-
ue for both masses, m*=0.0885m, . Using this
value of m~ for both bands, the ratio of the rates
of change of the density of states with stress b& for
the two bands can be calculated. Thus we have

m'„"'-m,*"'(r= 0) (9)4$/2 ysI2( 0)
where m~(x =0) values are taken from expressions
given by Lax and Mavroides for a warped surface.
According to their work, the light- and heavy-hole
masses at zero stress are related to the band pa-
rameters by the following:

m+'= —,
' a'(A+ B')-', (10)

where the signs follow the notation of Eqs. (8) and
B'=(B +$C ) . From Eq. (9) the densities
of states S, can be written as

Ni, o+ ~x)S/2
(11)

&a=&a' Na, o- 5~X)

where & is an adjustable parameter which varies
the rates 5, and b„simultaneously. The quantity

D& 0=4&(2m)/b ) I, where mf is the zero-stress
band-edge effective mass.

The curves plottedin Fig. 8 represent the theo-
retical behavior for a combination of both linear
splitting of the impurity states and linear changes
in the band density of states. The parameter
ds(= 25X) on the abscissa represents the splitting
of the valence bands at k=0. The pairs of numbers
displayed adjacent to the theoretical curves repre-
sent the reduced parameters (&/25, y/25) used in
the calculation. Representing the parameters in
this fashion thus allows plotting of the theoretical
results in a form which is independent of the band

0.7
O
K
~ 0.6
&l
~ o.5

(O, O.2)

0.3
(0,0,4)

0.2 (0.6,0.4)

0 I I I I I I I I

0 5 IO l5 20 25 30 35 40
gg(meV)

FIG. 8. Reduced Hall coefficient at 53 K vs energy
separation at the band edges. The smooth curves are
derived from model I.

2. Model II
We next consider a modification of the previous

model which retains linear splitting of the impurity

deformation potentials and compliance coefficients.
Then, by varying the deformation potential we can
change the calculated value of the band splitting
for a given stress, thus permitting the scaling of
the experimental data to the theoretical curves.
Since b,~= 25X, multiplication of the reduced param-
eters by b,~ recovers the original variables de-
fined in Eqs. (6) and (11). The experimental data,
obtained at B=2.5 T for X II [111], are plotted for
two different values of the band deformation po-
tential d. We originally chose d = —2. 54 eV to
scale the data to the theoretical curves, whereas
the choice of d = -4.1 eV represents an average
of values reported in the literature.

As seen in the figure, maxima inR may be ob-
tained for a constant density of states (&= 0), but
these are predicted for higher stresses than are
found experimentally. The inclusion of a linear
variation of the density of states (&a 0) shifts the
maxima to lower values of L~. However, it also
leads to a more precipitous decrease in R at larger
values of strain than is observed experimentally.

The calculations thus suggest that a better fit
may be obtained by employing large density-of-
states changes in the low-stress region, while
deemphasizing the changes at high stresses.
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states and utilizes the following density-of-states
function:

&»(E» &s)=&»(E» ~ 0)+&»
( n I ~

AR

»»+bs (12)

where

»(E», ~) = Q»(E», 0)+st».

3'. Model III

This function embodies the gross features of the
changes suggested by comparison of model I with
the data. The quantity a controls the rate of change
of $»(E», 4»»), and Q»(E», ~) represents the limiting
value used in the previous model for both bands
at infinite strain. Depending on the choice of the
parameter»», the behavior of E»l. (12) closely ap-
proximates a density-of-states function derivable
from the theory of Pikus and Bir4 [see E»i. (14)].
The results of the calculations based on the density-
of-states function given in E»i. (12) are shown in
Fig. 9. The pairs of numbers displayed adjacent
to the theoretical curves represent the parameters
(a, 'Y/25) used in the calculation. As in model I,
we have used two different values of the band de-
formation potential d in our fitting procedure. The
value d = —3. 5 eV was chosen to represent a lower
limit of the values reported in the literature. Com-
parison of the behavior shown in these figures with
the curves corresponding to the same values of
t/25 shown in Fig 8ind.icates that the nonlinear
variation in the density of states provides a better
fit at low stresses than was observed for a linear
model, but fails in the high-stress region.

of Pikus and Sir when the differences in the de-
formation potentials b and d are taken into con-
sideration.

4. Theoretical Considerations

A systematic consideration of likely models leads
to the examination of the behavior of the density-
of-states function given by the theory of Pikus and
Bir. As shown in Appendix B, for X~~ [111],

&» ~a+&~ &s+ «
» ~ »»»

(L» F A )8 (14)

l.2-

In this equation, the energy dependence is absorbed
into the constants. Calculation of the Hall coef-
ficient requires the numerical integration of this
function, which is impractical for the current in-
vestigation. The qualitative consideration of the
density-of-states function given by E»l. (14) does
suggest that the theory will give a better fit to the
data than the previous empirical models. Con-
sidering the variation of the average hole energy
with stress, we conclude that at low stresses the
theoretical density of states initially changes more
rapidly than is predicted from the empirical func-
tion given by E»l. (12). At high stresses, the satura-
tion value of the density of states for the light-hole
band at the assumed average hole energy (E= 10
meV) is =2&10" (cm meV) '. This is the same
value utilized in our earlier work. (Due to the de-

E, = E»+ (u» + 'Y) X,

E& =E&+ a& X
0

E» =E»+ (&» &) X
3 0

(13)

A recent group-theoretical investigation has been
carried out by Kartheuser and Rodriguez~0 which
gives the energy splitting of the neutral level of a
divalent impurity center having I', symmetry
Their work, which considers terms linear in strain,
indicates that this level splits into two nondegener-
ate levels and one fourfold-degenerate level. The
stress dependence of these levels can be expressed
as follows.

I.O

0.9

0.8

0.7
O

0.6

CI
0.5

0.4
(4,0)

where E& is the zero-stress ionization energy, &,
determines the rate of motion with stress of the
group of states as a whole, and x controls the rate
of separation of the split levels with stress.
and E& are the nondegenerate levels. The results
obtained using this model are not significantly dif-
ferent from those calculated for a monovalent im-
purity.

We noted earlier that changes in B»»(2. 5 T) occur
more rapidly with stress for X II [100) than for
)( ~~ [111]. This result is predictable from the theory

0.3

0.2-
(4,0.4)

O. I—

» » » » » » » »

0 5 10 IS 20 25 30 35 40
Qg{meV)

I'IG. 9. Reduced Hall coefficient at 53'K vs energy
separation at the band edges. The smooth curves are
derived from model II.
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population of carriers from the heavy-hole band
with increasing stress, the effect of this band can
be neglected at high stress. ) It is thus reasonable
to expect the theoretical behavior of the Hall coef-
ficient using Eq. (14) to be similar to that found
earlier for the high-stress region, where a good
fit was obtained. %e therefore expect that the use
of Eq. (14}will lead to a considerable improve-
ment between theory and experiment.

5. Remurks

Assuming spherical parabolic energy surfaces,
the concentrations and mobilities of both the light
and heavy holes can be extracted from the depen-
dence of the Hall coefficient on the magnetic field
by fitting Eq. (1) to the experimental data. The
yarameters o, P, I, and 5 in this equation are
defined as follows:

u =Po po+pi pi = &oRo/e ~

2 2 2

(Pp+Pi) Po Pl I

&= (Pp Pp+ Pi Pi) =&o
2 2

5=(Po+Pi) PoPi Pr Po Pi ~-2 2 2 2 2 2

(Al)

where op is the conductivity at 8 = 0 and e is the
magnitude of the charge on an electron. If we write
Eq. (1) as

(RoB /re�„)=I+MB,

we find

(A2)

5=@M/I=o M/I, P=5eRo(1+M i)=5/Pr,
'(A3)

where P& =Pp+P, is the total hole concentration.
By determining I and M from a least-squares fit
and using the experimentally determined values of

Rp and 0'p the parameters , P, i', and 6 can now

be found. From Eqs. (Al) we find

gi/2p 1 ~-1

Pp= (Pi& —u)(Pi Po- Po)

The present investigation was hindered by lack
of detailed knowledge of the impurity centers in
as-grown P-type GaSb and their behavior under
stress. In this work we have presented some con-
siderations relating to the analysis of stress-in-
duced changes in the transport properties of this
material. A definitive test of our approach should
be obtainable from a similar study carried out on
materials which are better characterized with re-
spect to impurity species and concentration than in
the present case. For example, Zn-doped Ge
would be interesting in this respect, since the level
positions and their splittings under stress have
been extensively investigated both experimentally
and theoretically. '

APPENDIX A

Pi = (P p& —a)(Pi Pp -Pi)

Po = P i+ [{uPr —&)Po Pi l (A4)

(B'(}

The correct value for Po is found from Eqs. (A4)
by assuming an approximate initial value and using
an iteration loop.

APPENDIX B

The derivation of the theoretical density-of-
states function given in Eq. (14) follows a develop-
ment similar to that used by Roman and Ewald.
Starting with the dispersion relationship given by
pikus and Bir and assuming X l~ [100], we find
[Eq. {Al) of Roman and Ewald]

E(k, X) = E =Akoy [uo k4+ 5

+Bbo(2k -ki)]' o (B1)
where

u k =B k +C (k„k„+k„kg+k~kg), 5o-b{Sii—Sio)X,

k{i and k, are the components of k parallel and
perpendicular to the stress direction, and the hy-
drostatic shift of the I', bands has been neglected.
The upper sign refers to light holes, while the low-
er sign corresponds to heavy holes. This expres-
sion is now solved for k2 giving

k„= —k~ —(a —A ) {AE+B5o+Do [1+3(u —A )

&( B5 D i ko ]i / o J (82)

where Dp (Ap —a +Bo-—) 5oo+uoEp+2ABE5o. After
expanding the term under the radical, this expres-
sion can be rearranged into the form of an ellipsoid
of revolution,

k2 k2
II + (B3)

~II

where r„=(/I —a ) ' (/IE+B5pwDo ) and r~ =2
x(Do +p B5o) 'Do . The volume of this con-
stant-energy surface can now be found from V

=g &r„r, . We now make the approximation, used
by Roman and Ewald, that

Do —(aE+Bbp —u5o+Abo}o . (B4)

This approximation is exact for the case of no
warping (a -B) Considering . the upper signs (light
holes) we find

4 E) 3 3 Q f/) Q+Q
V, =- v ' 1-- —

~

—'+ —,(B6)s 3 A+0. 2 a (~o

where E& is the energy at the edge of the light-hole
band (Eg = E —5p) For the case of heavy holes
(lower signs) we make the approximation

Dp= (uE —B5o+ubo+Abo)o, (B6)

which yields

E 3~2 3 8 E„A-8 -'t '
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where E& is the energy at the edge of the heavy-
hole band (E„=E+{)0). Utilizing the fact that

N = [3/(3s)') i.,

we find

N» ——piE» 1+p~ —+ p3
3/8»

&o
{Bs)

where i = l or h and the P's are defined as follows:

P(= (3H)-((A ~ n)-'('

Pg ——7 ~B/(((,

P~(= (A +B)/o(,

and the upper signs correspond to the case i =l.
The density of states is now found from S((E)

=dN, /dE „yielding

(
A. ( 6((+ B( n((+ C (

2

(D(+F( n(() I

where &~ = 2&0.

A( —8(I 3+&s) &(I sE("
B(=a(~{(pa+3 p(l3) E,

3 P»E5/2
2 1»

&»=E»

F( = 2Ãs+&s).

The results for ){ II [111) are obtained by making the
following substitutions in the above work: 60- 6,
= (d S4~ /3 &3) X and B- ,' N. —
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