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Strain effects on the ESR spectrum from antimony donors in germanium*
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The electron-spin-resonance spectra from surface-strained (but not externally stressed) antimony-doped
germanium are investigated in detail. Experimental data are given for the linewidth, line asymmetry, and line-

shape reversal feature as well as for the changes in donor concentration, temperature, and surface conditions.
The donors of interest occur in a surface layer several microns thick. A theoretical analysis is based on the
Kohn-Luttinger formulation for a shallow donor electron, which is forced by surface strain to predominately

occupy a [111]conduction-band valley minimum. A substantial distribution in strain among the donor sites

is necessary to account for the line-structure features. These features are predicted by a distribution function,
which is calculated by using a narrowed Lorentzian line for a homogeneous line shape and a Gaussian strain
distribution that determines the inhomogeneous broadening caused by strain-induced g-value variations. The
one order of magnitude increase in linewidth with angle is attributed primarily to a g '(8) dependence of the
linewidth on strain. The asymmetry shape ratio of about 3 is attributed primarily to variations in the valley-

population probabilities at different donor sites. The line-shape reversal feature is caused by an angular-

dependent variation in the change of the g value with valley-population coefficients. For detailed calculations,
distributed strain along the predominately occupied valley axis is assumed. It is found that the average
compressive strain along the [111]axis is 10 with an accuracy of about 40% and that the Gaussian strain
width is 0.6X10 . This average strain corresponds to a predominant valley oc"upation of 99%. Our analysis

can be used as a semiquantitative tool for determining strain conditions in Ge(Sb).

I. INTRODUCTION

The electron- spin- resonance spectra from anti-
mony donors in germanium depends somewhat on
the ingot, but is usually a broad, anisotropic
donor line" and/or a particular four-line spec-
trum, '-' sometimes called the "new" resonance.
This paper reports experimental and theoretical
results about the new resonance. Of basic interest
are the data on linewidth, line asymmetry, and the
associated line- shape reversal feature. Some re-
sults on donor dependence, temperature depend-
ence, and surface conditions are also reported. In
addition, calculations are presented which can
account for the data. From these calculations, in-
formation is obtained on the strain and its distrib-
ution over the donors in a surface layer which is
several microns thick. Also discussed is why the
antimony spectrum is different from that of other
shallow donors.

The signals of interest were originally reported
by Pontinen and Sanders. 4 Later, these investi-
gators associated the signals with the surface'—
an important point apparently not realized by
several subsequent investigators. " The spectrum
has a g tensor which is characteristic of a donor
electron in a single conduction-band valley. Dif-
ferent strains cause different valleys to be occup-
ied, and hence a four-line spectrum is observed.
The theoretical analysis of Keyes and Price, '
which introduced the Kohn and Luttinger formalism'
for donor impurities, was used to interpret the

observations. They suggested that internal strains
caused the single-valley rather than the multi-
valley character of the electron. Our present cal-
culations have extended the Keyes and Price model
in a quantitative way. This extension has enabled
us to characterize the nature of the strains at the
donors and to understand the unusual linewidth,
line asymmetry, and shape reversal features in
the spectra.

II. EXPERIMENTAL DETAILS

A. Apparatus

The ESR measurements were made with a rotat-
ing Varian 12-in. magnet with Fieldial control and
a ovarian X-band spectrometer, which included a
homemade, cylindrical copper cavity. Signals
were normally recorded in the absorption phase
at high (-100 mW) microwave power levels. The
modulation field was 200 Hz and was applied by
coils external to the Dewar. Most measurements
were made at 4.2'K, although some samples were
studied down to 1.2 K. The sample and cavity were
totally immersed in a liquid- helium bath. On
critical runs, the amplitude of the modulation was
carefully controlled to avoid line-shape distortion.

A DPPH (diphenyl picryl hydrazyl) calibration
sample was placed in the cavity. It was used to
measure the relative amplitude changes in the
Ge(Sb) signals and also to verify that the spectro-
meter was working in absorption.
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B. Linewidth results
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FIG. 3. Angular dependence of the line-shape features.
(a) Contains data from a typical sample at 4.2 'E with
N„=2.5 &10 ~/cm3. (b) Contains the computed result
from Eq. (12) for a model discussed in the text with yo
=-6, 5y =2, and GH=2 G. Both the x and y axes have
been rescaled for the bottom three plots. Note the
symmetrical shape at 8=10', the asymmetrical shape
at other angles, the inversion of shape for angular
changes around 10', and the substantial broadening and
amplitude reduction at large 8. (The difference in the
resonance fields between (a) and (b) at the same angle
is within the experimental error limits. )

The linewidths and intensities change substantial-:
ly with changes in the magnetic field. An increas-
ing linewidth corresponds to decreasing intensity
as expected for an unchanging spin concentration.
Figure 2 shows the more than one order of magni-
tude change in linewidth of line A as a function of
the angle 8. (All linewidths measured and discuss-
ed refer to the peak-to-peak separation of the first
derivative of the absorption curve. } Figure 2 also
shows that changes with donor concentration and
temperature have been observed.

C. Line asymmetry results

The line shape also exhibits interesting asym-
metric characteristics, which repeat under a
variety of passage conditions and are attributed to
the inherent line shape. Figure 3(a) shows how this
feature varies with angle for line A. The asym-
metric shape is clearly seen at 8 = -35, but not at
10'. Figure 3(a) also shows the large variation of
linewidth and intensity with angle.

D. Shape reversal results

The reversal and loss of the asymmetric shape
is rather unusual. Figure 3(a) shows that this
occurs for less than a 20' change in 8 near 10'.
Measurements show that this is not a passage ef-
fect. It was duplicated in numerous samples from
various ingots and was not observed to have a do-
nor concentration or temperature dependence.

E. Surface condition results

Some experiments were conducted to investigate
the surface conditions necessary for observing the
signals. Samples with damaged surfaces gave
signals, whereas thoroughly etched samples did
not. The surfaces were damaged either by rough-
ing them with sandpaper or diamond-saw scratches
or by sandblasting them with different grades of
abrasive powder at various jet pressures. These
various damage methods influenced the intensity of
the lines, but had very little effect on the basic line
structural features.

A gradual surface stripping experiment was per-
formed with a dilute CP4 etch (HF: acetic acid:
HNO, : liquid bromine in the ratios 50:50:80:1).
Etches of five minutes each were used to remove
a surface layer of the sample. Between etches,
measurements of the ESR signals were made rel-
ative to a DPPH standard signal. Sample thickness
measurements were made with a micrometer. The
basic structural features of the lines remained
unchanged, and the lines decreased in intensity
after each etch. This indicates the strain charac-
teristics are essentially uniform throughout the
surface layer and are hence more characteristic of
bulk strains rather than of monolayer strain. The
results of the experiment are shown in Figure 4.
Essentially, the line intensities were reduced by a
factor of 10 after 6 pm were stripped off.

F. Other results

The line asymmetry and reversal features were
essentially unchanged for various donor concentra-
tions and temperatures; however, the absolute and
relative line intensities varied over a wide range
depending on the sample. For example, we were
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only able to find signals in the ingots obtained from
Semi-Metals and Purdue University. Signals were
not found in ingots provided by three other suppli-
ers. It thus seems that original growth conditions
influence the type of strain produced by the surface
damage. It has been reported that' the growth axis
influences the relative intensity of the lines. We
were not able to find any systematic variation of
line intensity with [ill] or [110]growth-axis in-
gots. Also, no systematic variations were found
in samples with [100], [112], [111],or [110]sur-
face normals. The bulk sample dislocation density
did not seem to be important as has been observed
for other donors. ' Further studies with controlled
growth variables would be informative.

Annealing experiments in vacuum, air, and ox-
ygen or nitrogen environments at temperatures
up to 300 C had no substantial effect on the signals.
This condition indicated substantial chemical
stability.

IV. MODEL AND ANALYSIS

A. Introduction

The Keyes and Price model' seems very plaus-
ible —the essence of the model being that the re-
sonance is from a one-valley donor electron sub-
jected to a large, [111]axis, compressive strain.
This explains the observed g tensor. It was de-
termined that the strain is a result of surface
damage. ' With these ideas as a foundation, a quan-
titative model has been developed which can ac-
count for the more detailed structural features.
The model is a bulk model with the near surface
region providing the strain. The standard Kohn
and I uttinger formulation' for a shallow donor
electron is used. The valley-orbit matrix appro-
ach' is introduced to account for the effects of the
strain. The line structural features occur be-
cause the strain has a substantial distribution
rather than a unique value.
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FIG. 4. Depth of strained donors as determined from
a series of CP4 etches. The symbols are for line A at
8=35' (+), for line B at 8=-35'(x), for lines C and D
at 0=90' (0), and for the composite sum (0).

g =g01+ Lh, y1

yl y2

0 y,

in which g, and 4 are the two independent tensor
components. The g tensors for the other valleys
require appropriately symmetrized changes of sign
in several of the off-diagonal elements. Calcula-
tions yield for the total tensor

B. g tensor

The g tensor for a shallow donor electron' is

Q~g~ ~
2 (2)

in which the y coefficients are the following com-
bination of the valley population coefficients:

y1 = A1 —Q2 —Q3+ CV4 q

2

/=1

in which the sum is over the four valleys, Q. 2J is
the valley occupation probability, and g& is the
jth-valley g tensor. In the crystal axes frame, the
one-valley g tensor for the [111]valley is

2 2 2 2y, —=e, —+2+a, —o.

y, = n, + n2 —n, —n4.2

The measured g value can be expressed as

(5)

g, =
g(8) = (go+ 24g, [y, sin'8+ V 2 (y, + y,}sine cose]'~'

+ &'[y,' sin'8+ (y,'+ y', ) cos28+ (y, +y, ) sin'8

+ v 2 y, (y, + y, ) sin8 cos 8]P ~2,
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in which 8 describes the direction of the magnetic
field as shown in Fig. 1.

Equation (6) can describe the spectra in Fig. 1
only if the electron is predominately in one valley,
i.e., line A requires y, = y, = y, = 1 so Q, = 1,
Q 2 Q 3 Q

Q
0 ~ The only strain which produces a

predominate one-valley population is a compres-
sive (111)axis strain. Experiments have shown
this predominate occupation through the applica-
tion of a large (111)unaxial compressive stress' ".
(In such experiments, only a single line is ob-
served. Here, four lines are seen because the
surface damage does not discriminate between the
four possible (111) strain axes. ) When the strained
valley- orbit Hamiltonian is used in Schrodinger's
equation, the valley populations for an [111]axis
strain are obtained as'

and

o", = -'[2 —(1+2J)/(1+3 +7')'"] (7a)

(7b)

with y, a convenient, dimensionless, strain para-
meter, given by

y
—= S=„s/9E„, (6)

r = r, = r, = r, = l(4 n', —1) . (10)

The fit of Eq. (9) to the spectra in Fig. 1 yields

in which s is the magnitude of the strain, "
:-„[=19 eV (Ref. 13)] is the shear deformation po-
tential at the conduction-band minima and E»
[=3.2 x 10 ' eV (Ref. 14)] is the singlet-triplet
energy splitting for the ground state. For the pre-
dominant valley population, y is negative because
the donor is compressively strained. We thus
refer to more negative y values as greater strains.

Equation (6) yields for line A

g(8) = [g20+2y'n2+yh(2g, +yh)(sin'8+ 2& 2 sin& cos8)]'~'

(9)

in which

show that the linewidth decreases with either in-
creasing temperature or increasing donor concen-
tration. These two dependences are also observed
in the present case as Fig. 2 shows. For a better
comparison„ the available linewidth data' on ex-
ternally stressed Ge(Sb) in the concentration range
10"-10"/cm' are also shown in Fig. 2. The sur
face strain and externally stressed data are com-
patible. We conclude that line narrowing strongly
affects the linewidth at large g values, i.e.,
8= —35'+50' for line A. At other angles, strain
effects substantially influence the line shape.

2. Broad line shape at small g values

Line-shape broadening due to strain occurs due
to a distribution in strain at the various donors.
This distribution causes a distribution in g values,
which can cause an inhomogeneous linewidth which
exceeds the homogeneous linewidth. We calculate
the derivative of the line shape since it is experi-
mentally recorded. We write for the observed
spectral distribution function

af(H, 8)
dH

1.(H -H' )P'(H', 8) aH', (12)

in which 6H= 6H(N~, T) is 2 the linewidth and has an
N„and T dependence as Fig. 2 shows.

P(K, 8) is determined by the strain distribution
within the crystal. We assume a Gaussian distrib-
ution of strain along the predominately occupied
valley axis. Thus, the probability of having a
strain y in a range dy is

where I., (H -H ) is the field derivative of the homo-
geneous line-shape function, and P(H, 8) is the
distribution function for the number of donors which
have a resonance field in a range between H and
H +dH at angle 8. In the present case, the homo-
geneous function is assumed to be Lorentzian so
that

1.(H -H ): 2(H -H ) (6—H)—/[(H -H ) + (6H) ]

go= —', (g„+2gi) =1.553 +0.002 (11a)
P(y) =A'exp(-[(X —y.)/e]'] (14)

yn, = —3(g„-g,) = —0.3623+ 0.002 . (lib)

C. Line structural features

l. %arrow line shape at large g values

The small linewidth at large g values and the
absence of donor hyperfine lines suggest that line
narrowing is important. The narrowing, which is
probably due to exchange rather than motion, "has
been observed for the other shallow donor impuri-
ties in the same concentration range. ' Such data

where y, is the average strain, 5y is 0.613 times
the Gaussian width at halfmaximum, and A is a-
normalization factor. Equation (14) is convertible
to a field distribution and yields for line A at con-
stant 8 and microwave frequency

xp(-[(y -y.)/6y]']g'(8)(y'+x+1)'"
2y&+ (g + yb)(sin28+ 2 ~2sin8 cos8)

(15)
where Eqs. (7), (6), and (9) have been used and
A = 2A ps/hv6 since hv=g(8) p, sH .

The spectral distribution function of Eq. (12) has
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been computed using Eqs. (13) and (15). Results
of such calculations are shown in Fig. 3(b) for
y, = —6, 5y =2, and 5H=2 G. These parameters
are appropriate to a typical sample with N„=2.5
x 10"/cm at T = 4.2 'K. The values for y, and 6y
are chosen for reasons discussed below. Near
8= —35', P(H, —35') is sharply peaked in H com-
pared to 1.(H H)-. In such a case, the derivative
of the Lorentzian is predicted by Eq. (12) and such
a shape is observed. The value for 5H was ob-
tained from the width at 0= -35'. With this choice
of parameters, agreements with the actual data in
Fig. 3(a) are quite reasonable. The large change
in linewidth is reproduced. The symmetric shape
near 0=10 and the asymmetric shape at other
angles are also reproduced. In addition, the shape
reversal between 8=0 and 8 =20' is quite apparent.

Near 8=55+20', P(H, 8) is very broad and pri-
marily determines the line shape as Fig. 5 shows
at 8=40'. (At other angles the shape of the curve
is very similar, but both axes must be rescaled. )
The field distribution would be Gaussian if the den-
ominator, (y'+y+ I)'~', and the g' factors in Eq.
(15) did not depend on strain. Actually, the den-
ominator and g' factors have only a slight strain
dependence and basically effect P(H, 8) through
their angular dependence. The skewed Gaussian
distribution is due to the (y'+y+ I)'~' factor.
Figure 5 shows how this factor enhances the half
of the distribution corresponding to the greater
strains, while the lower strain half is reduced.
The effect is to cause P to be at a field H (y„)
which corresponds to a larger strain y than the
central Gaussian value yD.

The ESR line shape is also plotted in Fig. 5. It
was computed exactly, but its shape is very sim-
ilar to dP/dH. This occurs whenever P(H, 8) is
very broad compared to 1.(H -H ). The strains
larger than yo cause an enhancedhalf line, while the
smaller strains cause a reduced half line. Be-
cause the axis crossing occurs very near the field
at P, rather than at H(y, ), y„does not corre-
spond to the average strain in the crystal but to a
somewhat greater strain. This is important when
trying to infer yo from g- tensor measurements.

3. Asymmetric line features

Two asymmetric line features occur because H
does not vary linearly with y. One asymmetrical
influence distorts the amplitude of the line (see
Fig. 5). This effect is due to variations in the
valley population coefficients with strain.

Another asymmetrical effect acts to broaden the
line. This occurs because the change in H per unit
strain varies significantly with strain. The quan-
tity of interest is

dH A [2yd + (g, + y4)(sin'8+ 2v 2 sin8 cos8))
& g '(8)(y'+y+1)'"

(16)

Thus, for equal strain increments the field axis
will be "scaled" by a factor (y'+y + I)'~' (=y '
for large y values). Figure 6 shows how H varies
with strain and reveals a substantial nonlinearity
in H for y~ -2. [Equation (16) is the negative
slope of the curve. ] For the smaller strains, the
curve is steep and a very broad, reasonably sym-
metric ESR line is expected. For larger strains,
even a very broad strain distribution can produce
a narrow line. In addition, the slope nonlinearity
means that the high-strain side of the ESR line will
be narrower than the low-strain side. However,
this asymmetric effect will only be large for a

8= 40

0 = —6

2

Hiy, )~ @y )

7)50
I

I I I ,....J
5 6 7 8 IO

~i' tb) STRAIN

BLUNT HALF—

H(y„) —H(y=- )

I I I

7600
1

I
7650

SHARP HALF

I I I 4 I I I I I
7600 7650

MAGNETIC FiELD (GAUSS)
FIG. 5. Field dependence of both the inhomogeneous
broadening function and derivative of the spectral dis-
tribution function. These line A calculations are at 8
=40 for a Gaussian strain distribution with an average
stl aln pp = 6 and 6y = 2. The peak of I (H', 8) is essen-
tially at the axis crossing field of dl/dH and corresponds
to a strain value y~ rather than yp. For di/d&, the peak-
to-peak ratio A/& is a measure of the asymmetry. The
base width of the sharp half-line 4H can be estimated
reasonably well from the experimental data.
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large distribution in y values. In summary, the
two asymmetric effects produce an enhanced,
narrowed half-line, i.e., the sharply peaked half-
line in Fig. 5 and a reduced, broadened half-line,
i.e., the blunt half-line in Fig. 5.

The square-bracketed term and g-' factors in
both Eqs. (15) and (16) are weakly dependent on
strain and are about the same for all parts of the
line. However, they vary substantially with angle.
They enhance or reduce the line amplitude, while
at the same time they reduce or enhance the line
spread. Thus, the shape of P(H, 8) is "rescaled"
at each angle. For example, the g' factor is respon-
sible for much of the change in line width and re-
duction in amplitude for the two angles 8=-35' and

8 = 55' because (g~/g„)' = 12.4.

4. Shape reversaL feature

The shape reversal feature exists because the
square-bracketed term in Eq. (16) changes sign
with angle. Thus, the sign reversal angle 8~ must
satisfy the equation

sin8R(sin8„+2U 2 cos8s) =-2yb/(g, +yb).

(17)

For small strains, y=0 and 8~=0 . For large
strains, y -—l~and 8~=11. For y &-2, 8„ is in
the range 11'+1'. Hence, the reversal feature
should occur over a small range near 8=10'.

The amplitude of P(H, 8) is reciprocally influ-
enced by the square-bracketed term, whereas the
width is linearly influenced. Thus, P(H, 8) be-
comes sharply peaked for angles near 8~, and a
nearly symmetric derivative of the narrowed
Lorentzian is expected and observed.

Because both Eqs. (15) and (16) change sign at
8„, a reversal in both the amplitude and field
scaling is expected as 8 varies through 8~. This
agrees with the observations at 8=0' and 20' be-
cause Fig. 3 shows that both half-lines not only
invert in magnitude, but also reflect about the axis
crossing field.

D. Strain determination

1. g tensor analysis

The sensitivity of the line and line shape to strain
reveals information on the strain and strain dis-
tribution in the crystal. The g tensor reveals that
the strain is compressive and predominately along
the (111)axis, otherwise Eq. (6) would not fit the
data. The exact value of the strain cannot be di-
rectly determined because Eq. (9) shows that y
always occurs in a product with Lh, . External
stress measurements" can vary y and have de-
termined 6 as

y =1.00 +0.03 . (19)

This value corresponds to a predominate valley
population of &97% and a strain IyI &3. Figure 6

gives a nondetailed, pictorial idea of how this limit
on y can be estimated from data at 8=40'. Because
the ESR line was observed above 7500 G, the aver-
age strain value must lie beyond the major bend in
the curve. Because the slope of the curve above
the bend is small, only the lower strain limit near
the bend can be determined.

To obtain the actual strain, a small correction
must be made in the y value derived from the
axis crossing field as previously discussed and
shown in Fig. 5. This correction (estimated below
to be about 15%) and Eq. (8) enable us to conclude
that most of the observed surface donors are under
a compressive I ill] axis strain exceeding 10 '.

2. Line-shape analysis

The line-shape data yields information on the
strain distribution, which can be described by two
parameters. First, the base width of the sharp
half-line can be approximated from the data and is
iot difficult to estimate theoretically because
AH =H(y„) -H(y -—~). The second parameter is

H(y= —m)~

e-4O'

AT I VE QF

!

N DIST R I B0T I ON

LT I NG ESR L I NE

CD

LLj 55
C9

& 5.0

4.5

STRAIN

FIG. 6. Schematic method of obtaining line shape from
strain distribution. A high field, narrow, asymmetric
ESR line is expected only for a broad strain distribu-
tion with an average strain beyond the bend in the curve.

a = -0.36 + 0.01.
This result, when combined with Eq. (11b), yields
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a measure of the asymmetry in terms of an A/B
ratio in which A is the amplitude of the sharp
half-line and B is the amplitude of the blunt half-
line as shown in Fig. 5. The above two parameters
have been theoretically examined to see what best
fits the data. A strain distribution with a small
width will only produce a reasonably symmetric
line. Hence, the asymmetry indicates that a broad
strain distribution exists. At angles where P(H, 8)
is broad, the A/B ratio varies from 2 to 5 depend-
ing on the crystal ingot. The most typical'/B
ratio is 3. For the Gaussian distribution, such
an A/B ratio corresponds to 5y/y, = —',. (For
5y/y, = —,', the A/B ratio is about 10.) For 40'
and a 5y/y, ratio of —,', the sharp half-line base
width, AB, is about 10, 15, 25, or 50 Q depending
on whether y, = -10, -8, -6, or -4, respectively,
(The y values are about 15% higher in each case.)
The data indicates AII = 25 Q. We conclude that a
Gaussian strain distribution with y, = 6 + 2 and a width
at half-maximum equal to 1.65y =4+1 can fit the
data. This corresponds to a compressive strain of
10-' with a Gaussian strain width of —, this value.

V. COMMENTS AND SUMMARY

The theory presented here should be valid not
only for Ge(Sb) but for other shallow donor sys-
tems, whose surface ESR has not been reported.
This lack of data is probably because equivalent
strains s correspond to substantially different y
values. For example, in Eq. (8), E»(P) = 2.8 x 10 '
ep, "and E»(As) =4.2 x 10-' eV, '~ hence yo(Sb) = -5
corresponds to yo(P) = —0.7 and yo(As) = -0.45.
Figure 6 shows how these small y values would
lead to an exceedingly broad and, hence, weak
ESR line. However, near 8= 8~ =5, the lines
might just be observable.

Figure 6 is also helpful in understanding why the
"normal" donor spectrum with hyperfine structure
as seen in Ge(P) and Ge(As) is not observed in
Ge(Sb). Wilson' found that typical deep bulk strains
in doped germanium are (3 a2) x 10-'. These
strain values correspond to y = -2 for antimony and
hence to the substantial slope region of the curve.
Thus, the line would be too broad and weak to ob-
serve even for a rather narrow strain distribution.
However, for the other donors the smaller y values
are such that the weak dependence of the reversal
angle on strain makes observation of the resonance
near 8= 0' possible over a wide range of y„y„and

y, values. Observations vary from ingot to in=

got, ""but typically lines corresponding to the
C and D valleys are seen over a wide range of 8,
whereas the A and B valleys are seen only near
8 =O'. This is because the g values for lines A
and B change substantially with 8 near 0', which is
not the case for the C and D lines.

Several assumptions in our model are too re-
strictive. One of these is that the Gaussian strain
distribution is only along the predomina. nt [111]
strain direction. The data could be fit by other
than a Gaussian distribution and, more important-
ly, by strain distributions along other directions.
Calculations for directions, such as [001], [110],
or other [111]axes, have been made. The calcu-
lations lead us to believe that the strain distribu-
tion must be broad, i.e., have a width which com-
petes effectively with y, to change the valley pop-
ulation probabilities, the broadening should still be
proportional to g '(8), the shape reversal angle will
still be near 8=10', and the asymmetric shape
ratio could have a different, but still nonlinear
character.

Another restrictive assumption concerns the
fact that all angular dependence in the narrowed
Lorentzian linewidth 5H has been neglected. The
increase in linewidth for —10'& 8&20' is most
likely due to a change of 5H with angle. The fact,
that the donor concentration and temperature de-
pendence exist over this rather large range in 8
supports this idea. The theory of line narrowing"
suggest that 5H should vary as [g(8)v„(8)] ', in
which v„(8) is the average transition rate between
states. Because the narrowing mechanism is not
understood, "v„(8) is unknown. The inverse depen-
dence on g(8) increases the linewidth as observed,
but not enough to completely account for the ob-
servations.

In summary, the Ge(Sb) surface resonance can be
explained by a model originally suggested by Keyes
and Price'. The model invoked uses the Kohn-
Luttinger shallow donor model with the electron
forced to predominately occupy a [111]valley by
the damage induced [111]strain. Consideration of
the spectrum yields a semiquantitative determina-
tion of the crystal strains at the donors. Our de-
tailed analysis has shown that the linewidths, line
asymmetry, and shape reversal features can all
be understood by assuming a broad distribution in
strain. The surface strains involved are about
10-'.
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