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The effect of uniaxial compression on the excitation spectra of group-III impurities in ger-
manium is presented and discussed. The deformation-potential constants b' and d' for the
ground states are deduced on the basis of the piezospectroscopic effects for the C and D lines.
Although there is a slight chemical-species dependence of b' and d', the average values of
these are —1.4 and —2. 5 eV, respectively. These, in turn, lead to the values of —2. 5
and —4. 1 eV for b and d, the corresponding parameters for the valence band, using the re-
lationships given by Bir et al. The values of b and d thus calculated agree in sign and mag-
nitude with those determined by other methods. This is in contrast to the results obtained
on the basis of the previous interpretation, in which the final state of the B line is assumed
to have I'& symmetry.

I. INTRODUCTION

A study of the electronic excitation spectra of im-
purities in semiconductors under uniaxial strain
provides direct information about the deformation-
potential constants of the energy states of the im-
purity. In the case of group-V impurities in ger-
manium or silicon, the stress-induced splittings of
the excited p states are the same' ' as those of the
conduction-band minima; hence the corresponding
deformation-potential constant of the host can also
be readily obtained from the piezospectroscopy of
the impurities. For the shallow donors, the de-
pendence of the ground states on the applied force
is relatively simple and well understood. ' ' Be-
cause of the complexity of the top of the valence
bands of silicon and germanium, the effective-mass
description of the shallow acceptor impurities in
these materials is considerably more complicated
than for the group-V donors. The effective-mass
wave equation for acceptors consists of a set of
coupled differential equations, each involving all

valence-band edges. Thus, under the effect of a
uniaxial force, the sublevels of an excited impurity
state do not follow a given band edge in a simple
manner, as is the case for the group-V impurities.
In fact, as discussed by Bir et a$. and Suzuki et
al. , an explicit relationship between the splitting
of the ground state of a group-III acceptor and that
of the valence-band edge can only be obtained from
a detailed knowledge of the wave functions of the
impurity state. These authors have used the ef-
fective-mass wave functions for this purpose.
Given the deformation-potential constants of the
impurity state, such an approximation should be
sufficient to predict the correct sign of the valence-
band deformation-potential constants, if not the
magnitude.

The first piezospectroscopic study- of a group-III
impurity in silicon or germanium was that of Jones
and Fisher for thallium in germanium. More re-
cently, a study was made of group-III impurities in
germanium by Dickey and Dimmock' and group-III
impurities in silicon by Qnton et al. " The inter-
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pretation of the piezospectroscopic effects for
group-III impurities in germanium assumed that
the 8 line was due to a transition to a twofold-de-
generate excited state. ' This assumption was also
used by Dickey and Dimmock, who, on this basis,
deduced deformation-potential constants for the
valence-band edge; they found these to be different
in both sign and magnitude from those obtained by
other methods. The purpose of the present paper
is to present further spectroscopic data for the case
of group-III impurities in germanium and to consider
a new interpretation which predicts deformation-
potential constants that agree in both sign and mag-
nitude with those otherwise obtained.

II. EXPERIMENTAL PROCEDURE

The germanium samples studied were cut from
thallium-doped single-crystal ingots with (110)
growth axes,' in the present measurements thallium
was the only group-III impurity whose spectrum
was examined. The ingots were oriented either
by x rays or by the optical method described by
Hancock and Edelman. ' In the wavelength region
of interest, optical surfaces formed by grinding
successively with Nos, 600, 1200, and 3200 carbo-
rundum and then etched to a "highly reflective"
surface were found to be satisfactory. A single-
beam single-pass Perkin-Elmer grating mono-
chromator, model 98-6, was used for the mea-
surements, and was calibrated using the pure ro-
tational absorption spectra of atmospheric water
vapor. ' An Eppley Golay system was used as
detector. A glass optical cryostat' was employed
to cool the samples to temperatures near that of
liquid helium. Both this and the Golay detector
were equipped with optical windows of crystalline
quartz, suitably wedged to suppress channeled
spectra. The cryostat windows had a 1' wedge,
each being cut so that the optic axis was essen-
tially normal to the surface.

The samples were compressed uniaxially fol-
lowing a differential thermal contraction technique
similar to that described by Rose-Innes. ' From
a comparison with the results obtained for arsenic
impurity in germanium, "using the same com-
pression arrangement, it is estimated that the
maximum strain achieved was about 10, which
corresponds to a stress of about 108 dyn/cm . The
spectra obtained under compression were studied
using polarized radiation. The far -infrared radia-
tion was polarized using a "pile-of-plates" poly-
ethylene polarizer. '9 It should be noted that crys-
talline quartz, one of the classic optically active
materials for visible light, has an optical rotation
of less than 2' per mm at a wavelength of 88 p. ';
thus, the ].-mm-thick quartz entrance window on
the cryostat should not significantly affect the

plane of polarization of the light. The data ob-
tained were processed by the method described by
Onton et al. '

III. THEORY
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FIG. 1. Correlation of experimental and theoretical
energy-level schemes of group-III acceptors in ger-
manium. The final state of the D transition has been
assumed to be the {8-02) effective-mass state as is im-
plied by the short dashed lines connecting these states
(see Ref. 12}. V. B. designates the valence band.

The theory of acceptor states associated with
group-III impurities in germanium or silicon has
been summarized by Dickey and Dimmock, 'OQnton

et al. ,
"and Fisher and Ramdas. ' The ground-

state wave functions of the acceptor form a basis
for the irreducible representation I'8 of the double
group T „, 0 while the excited-state wave functions
form a basis for either I'6, I"» or 1"~. A calcula-
tion of the energies of the impurity states was
made by Mendelson and James for the case of
germanium. A comparison of the results of this
calculation with the experimental excitation spectra
was given by Jones and Fisher'; this correlation
is presented in Fig. l.

The behavior under stress of the impurity states
and those of the valence-band edge to which they
are related has been considered explicitly by Pikus
and Bir, ' Kleiner and Rath, Bir et al. , and
Suzuki et a/. A general description of the behavior
of states with these symmetries has been given by
Kaplyanskii. The notation of Bir pt a$. ~ will be
used here. In the effective-mass approximation,
the fourfold-degenerate I'8 ground state of the im-
purity is characterized by an angular momentum
J= —,'. Under an applied uniaxial force F the mz
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where 4', »=(d'/K3) s44T. Here b' and d' are the
deformation-potential constants of the acceptor
ground state for F along the (100) and (111)di-
rections, respectively, s», s», and s44 are the
elastic comyliance constants, and T is the stress
produced by F. Here the prime is used to desig-
nate quantities associated with the impurity. Since
T is defined to be positive for tensile force, the
signs of b

' and d' are determined by the behavior
of a given state. Thus for F along either (100) or
(111), mz remains a "good quantum number, "
whereas for a general direction this is not so, the
expression for the splitting of the state involving
both b' and d'.

Using group-theoretical arguments, the sym-
metries of the stress-induced sublevels of a given
state may be deduced ' ' in the usual way. This
is shown in Fig. 2 for F II (100) and F ll(ill). It
is seen, for example, that under a (100) force,
T„reduces to D,„and, consequently, I', - r, + r7.
By use of projection operators, it can be verified
that of the four basis functions of the I'8 ground
state characterized by J=-,', the two for which
fs J + —,

' for m the basis of I'6 of DM while I'7 be-
longs to those for which m J=+&.' Thus, thesub-
level characterized by E„&2 in Eq. (1) is of I"6

symmetry, etc. ; similarly for F II (111). Hence,
states with I'8 symmetry split into two twofold-
degenerate states. The levels under stress retain
the twofold spin degeneracy as is required by
Kramers's theorem; hence the I', and I'6 of C3„,
for Fll(111), are degenerate, and the twofold de-
generacy of I'6 and I'7 of 1'„ is not lifted.

Symmetry arguments also enable selection rules
for optical transitions to be deduced. ' These
are shown in Fig. 2 for Fll(100) and Fll (ill),
where the electric vector of the light E is either
pa.rallel or perpendicular to F. For F II (110), r~,
r„ and I', of T„ reduce to I'5, I'„ and 2I'„ re-
spectively, of C2„. In this case, the selection
rules permit all transitions for both polarizations
and all directions of q, the direction of light prop-
agation, although for the orthorhombic point group

C2„a q dependence of the intensities for E~ F can

FIG. 2. Behavior of transitions from a I'8 ground
state to I'6, I"&, and I'8 excited states of the double group
Tz under uniaxial compression. The dashed arrows are
for E ll F while the full arrows are for E J.F.

be expected in general. ' Group-theoretical tech-
niques can be further used to calculate relative in-
tensities of the stress-induced components of a
given transition, provided the symmetries of the
initial and final states of the components are known.
Onton et al ." calculated these intensities following
the theoretical treatment of Kaplyanskii. The
ratio of two undetermined parameters C~ and C„
appears in this calculation for the components of a
line arising from a I'8- I", transition, while only
one such parameter occurs in the calculation for
I 8 I 6 or I 8 +7 transitions. Thus for the latter
two cases the relative intensities may be calculated
exactly. ' ' ' The comyonents of the I',- I'6 transi-
tion have relative intensities as 3:1:4, i.e. , (I',
+16- 1'4): (1'4- I;):(r&- I'4), for F tl (111)and
(I'6- r~), :(I"7- I', ),: (I', -I', ), for Ftl(100), where
the subscripts 1. and ll denote that the electric vec-
tor of the radiation is perpendicular and parallel, re-
spectively, to F. The intensity ratio of the com-
ponents of the I',- I', transition are the same as
for the corresponding components of the I",- r,
transition. The relative intensities of the compo-
nents of the I', —I', transition for Fll(ill) and
Flt(100) are plotted in Fig. 3 as a function of the
ratio of the undetermined parameters C& and C„."
Dickey and Dimmock' have used the wave functions
of Mendelson and James for acceptors in germani-
um to calculate the relative intensities of some of
the stress-induced components of the D line for
Fil (100), and find that the intensity ratio (I'7- r, )„
:(r,- I',), is 2:1 while that of (r,-r,), (r,- r, )„ is
3:1. These values should unambiguously deter-
mine the C~/C„ratio for the D line since, in such
a calculation, no undetermined parameters remain.
That this is so can be seen from Fig. 3, in which
there is only one region for Ftl (100) at whichthese
ratios are compatible. The value of C~/C„ for the
2:1 ratio lies slightly to the right of —0.2, while
thatof the 3:1ratio lies slightly to the left of —0.2.
These values of C, /C„are represented by the
solid vertical lines shown in Fig. 3. Of course,
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FIG. 3. Relative intensities of stress-induced com-
ponents of a 1"8(T&) 1"8(T&) transition for stress along
(111) or (100). The intensities, deduced from symmetry
considerations, are plotted as functions of C&.C„, where
these are the two arbitrary constants demanded in this
case (see Ref. 11). The two vertical lines for F II (100)
represent the values of C&/C„determined from Dickey
and Dimmock's (Ref. 10) intensity calculations for the
D line of group-III acceptors in germanium. The vertical
dot-dash lines at C&/C„= —0.2 represent the mean of
these two values.

only one value of C~/C„should hold for a given
I',- I", transition. The fact that two slightly dif-
ferent values are obtained may be due to two pos-
sibilities: Firstly, Mendelson and James's enve-
lope functions for the various states are notpurely
s-like and p-like, whereas the results plotted in
Fig. 3 have been calculated using basis functions
of just one type for each state"; and secondly, the
ratios given by Dickey and Dimmock may have
been "rounded off. " It is interesting to note that
a relatively unambiguous value of C~/C„results
from these two independent calculations. The
vertical dot-dash lines in Fig. 3 represent the
mean value of the two solid vertical lines. The
value of C~/C„ for a given line is dependent on the
unperturbed states, and hence will be the same
for all directions pf stress. Thus, the value of

C~/C, = —0.2 deduced for the D line from Dickey
and Dimmock's intensity ratios for Fll (100) will
also be applicable to the D line for Ftl (111), as
implied in Fig. 3. It should be pointed out that
the results presented in Fig. 3 apply to two equally
populated ground-state sublevels, i.e. , they are
valid in the limiting case of zero ground-state
splitting.

In the case of Fll (110), the intensities are a
function of the ratio & gu/&pop, The behavior of
the intensity of the components for a I'8- I"z (or
I',) transition as a function of this ratio has been
given by Kaplyanskii ' and plotted by Onton, "and
Onton et al. " The relative intensities of the tran-

sition between the sublevels of two I"& states de-
pend on the ratio C~/C„and the splitting-param-
eter ratio & gag/+ goo for the ground state and a.

corresponding one for the excited state. Without
reliable values for these splitting parameters, it
is not meaningful to attempt a detailed comparison
with experiment for this case.

Similar expressions to those of Eqs. (1) and (2)
hold for the valence-band edge except that the de-
fprmatjon-potential constants are different.
For the valence band the two constants with which
we are concerned have been designated by Pikus
and Bir as b and d. From Schechter's' ground-
state wave functions of acceptors in germanium,
Bir et al. 7 have obtained the relationships

b '=0.56b, d'=0.61d . (2)

Identical ratios have also been obtained by Suzuki
et al. using their own effective-mass wave func-
tions for the ground state.

IV. EXPERIMENTAL RESULTS

The excitation spectrum of thallium impurity in
germanium is shown in Fig. 4. ' The behavior
of this spectrum under uniaxial compression has
been studied with the applied force along (100),
(111), or (110). The spectra have been examined
with light polarized either parallel or perpendicu-
lar to F. The former will be designated by E„and
the latter by E~, where E refers to the electric
vector of the radiation. In the spectra to be de-
scribed, the curves for E„will be shown dashed
while those for E~ will be solid. The zero-stress
positions of the lines will be indicated by a circled
label and an associated vertical arrow.

The effect of compression on the spectrum of
thallium for Flt(100) is shown in Figs. 5-7. In
Fig. 5, it is seen that the C line has split into at
least two strong components with well-defined
polarizations. There is a distinct asymmetry on
the low-energy side of the perpendicular compo-
nent which suggests that the low-energy com-
ponent, dominant for E„, may also be present for
E~. The D line has not split, but does show dis-
tinct dichroism. This is also the case for the B
and A lines. The G line has not been studied. In
both Figs. 6 and 7, the C line is split further and
gives rise to four well-defined components labeled
Cq, C~, C3, and C4,' thefirsttwoofthese are prom-
inent for E„, while the other two, C3 and C4, are
prominent for E~. The D line splits into the com-
ponents D„D2, D„and D4. In Figs. 6 and 7, D2
and D, are well resolved and occur for both E„and
E~. For E~, component D4 is clearly seen in Fig.
6 and is also present in Fig. 7, while the only in-
dication of D& is in the latter figure. For the
largest-stress case, Fig. 7, a well-defined high-
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~ ~uniaxial compression '" have been based on the
assumption that the B line of the spectrum is due
to the transition (8+0)- (f —1), i.e. , a transition
between a fourfold-degenerate I' d8 groun state and
a twofold-degenerate I'~ excited state. This as-
sumption was suggested by the correlat'
in Fig. 1, and appeared to be justified by the ob-

onen occurred forservation that only one B component d

E~~ with Fll (100), while the relative intensities of
the observeserve components were in agre t 'th

e predictions. Accepting this interpr etation,
this transition immediately gives the orderings
and the splittings of the ground-state sublevels,
and hence the signs and magnitudes of the defor-
mation-potential constants for the ground state.

In the present case, for Fli(100), the selection
es o ig. for a I'8- I'7 transition applied to

the B line demonstrate that I'6 would be the lower
se, e in erpreta-ground-state sublevel. Of course th ' t

ion of the behavior of the remaining lines must be
consistent with this choice of ground-state order-
ing. In the case of the D line this was apparentl
so while s

ren y

in the C 1'
some success was achieved in u d t d-n ers an-

ing e line if its final state consisted of th tw
evels depicted in Fig. 1. For Fll (100), the com-

ponent D& was deduced to be the transition I',- I',

trum is not presented since the measurement was
not complete; it is for this reason that the position
of the B& component is not included in Fig. 8.

The behavior of the spectrum of thallium for
Fll(111) is shown in Fig. 9. The labeLing of the
stress-induced components will be discussed lat-
er. The D line splits into two components, each
of which occurs for both E and E d» an are nearly
symmetrically disposed about the zero-stress
position. The behavior of the C line is almost the
same as that of the D line, except that the low-
energy C component appears to be present only
for E~. A low-energy B component B& has been
observed by Dickey and Dimmock. '0 For the mea-
surement shown in Fig. 9, B, should occur at
about the same position as C2. The effect of com-
pression along [110]for qtl[110] is shown in Fig.
10. Th1 . e horizontal arrows indicate the manner in
which the various components behave under larger
stress. This behavior was deduced from the re-
sults of another measurement for which the stress
was slightly higher than that of Fig. 10. The
stress-induced components have not been labeled
in this case.

V. DISCUSSION

Previous interpretations of the behavior of the
excitation spectra of the group-III impurities under
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though Dickey and Dimmock have tentatively as-
signed this to the final state of the A" line. How-
ever, if the sequence of energies of the 3p-like
states is the same as that of the 2P-like states,
viz. , F„ I'„ I"7, I"~, one would expect the (8-12)
state to lie between the (8-11) and the (7-1) states.
Thus, it is possible that the (8-12) state is the
final state of the B line rather that the (7-1) state.
There is, in fact, some experimental evidence that
the 8 line does not have a I', final state. It has
been shown by Dickey and Dimmock that the com-
ponent B'„present for E„(see Fig. 14, Ref. 10)"
has its origin in the 8 line. Thus, since only one
parallel I3 component is allowed with I'7 as the
finalstate(see Figs. 2 and3), Dickeyand Dimmoc&
have suggested that the parallel component at
-10.6 meV is a low-energy A" component. Simi-
lar remarks hold for the case of gallium impurity
(see Fig. 15, Ref. 10). They have not been able
to follow the high-energy parallel component as a
function of stress; however, if their interpretation
is correct, this component should move to lower
energies with increasing stress. This does not
appear to be the case, as may be seen from Fig.
9, which corresponds to a stress about twice as
large as that of either Fig. 11 or 14 of Ref. 10.
In fact, the position of the parallel component at
12.17 meV in Fig. 9 is consistent with the stress-
dependence curve given by Dickey and Dimmock
for the 82 component of indium impurity.

In view of the above ambiguity regarding the na-
ture of the B transition, the behavior of the D line
will be used to determine the effect of stress on
the ground state. The D line is chosen in prefer-
ence to the C line because of the complexity of the
final state of the latter. In what follows, all pre-
vious conclusions based on the origin of the 8 line
will be discarded.

For Flt(100), the number of stress-induced
components observed for the D line and their po-
larization is clearly that predicted for a I"8 I"8

transition. The fact that for E„ the two interme-
diate components D, and D, are observed, reduces
the number of possible arrangements of the four
stress-induced substates involved from eight to
four. These four arrangements depend upon which
ground-state sublevel is the lower and whether the
ground state splits more or less than the excited
state. It is possible to eliminate the two cases
which correspond to D2 being the I'7- I"6 transition.
As pointed out earlier, the population-independent
intensity ratio (I'7 1'6)„:(1'7- 1"6), for the D line is
calculated to be 2:1, while experimentally, D," is
of much smaller intensity than D2; hence D~ must
correspond to the transition I"6- I'7, and D, to the
transition 17- I'6. Thus, the intensity ratio
D 3 D 3 shouM be 2:1. Experimentally, it is found
that the parallel component of D3 has a larger peak
intensity than does the perpendicular component.
In view of the difficulties encountered experiment-
ally in obtaining a well-resolved spectrum, it is
not possible to give a quantitative estimate of this
ratio. It is also calculated that the ratio (I'6- 1",),:
(I 6 I g)g is 3:1 independent of the population of
the ground states. Thus, the components D2 and
D2 should have intensities in this ratio, in qualita-
tive agreement with experiment. It is thus seen
that the above assignments for the transitions giving
rise to the components D2 and D, are in general
agreement with experiment. The remaining two
cases still depend upon which of the two ground-
state sublevels is the lower and whether (n ',00)D

k goo where (6 pop) z) is the splitting of the excited
state of the D line. In order to differentiate these
two cases, it is necessary to consider the intensity
ratios of transitions from different ground-state

FIG. 11. (a) Schematic
representation, in terms
of hole energy (not to scale),
of the splitting of the va-
lence-band edge and of the
states of the D line under
a (100) compression. The
states are labeled according
to their symmetry. (b)
Same as (a) but for a (111)
compression. Experimen-
tally Qf ff)D is essentially
zero (see text). V. B.
designates the valence band.
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sublevels. The relative intensities of these will
be dependent upon the relative populations of the
two ground-state sublevels as pointed out earlier.
A comparison will be made between only those
components which have the same polarization; thus
ambiguity due to the different resolution attained
for the two directions of polarization will be
avoided. The intensity ratio (I"7- 16),: (I'6- I"~),
is about 3:5, while that of (1",- F6)„:(I'6- I'7)„ is
3:1. If 17 is the upper ground state, then in view
of the depopulation effects, th8' intensity of D;
should be less than 0.6 times that of D2,. experi-
mentally, this ratio is almost 1. Similarly, the
intensity of D3 should be less than three times that
of D~; experimentally, D3 is considerably larger
than D2. If I"7 is the lower ground state, the in-
tensity of D3 should be larger than 0.6 times that
of D 2 while D," should have an intensity which is
more than three times that of D2. Clearly, the
experimental intensity ratio D;:D & being greater
than 0.6 is sufficient to show that the lower ground
state is 17. The fact that the intensity of D3 is
much larger than that of D & supports this conclu-
sion but is not sufficient to unambiguously differ-
entiate the two cases. With this choice of lower
ground state, it is necessary that b goo

+ (6 gpo)g

as shown in Fig. 11(a). From this it is also seen
that the splitting of the ground state is determined
by the spacing of either D, and D„or D2 and D4."
In the quantitative-stress measurements of Dickey
and Dimmock, the components D, and D4 were not
observed and hence the ground-state splitting, in
their case, cannot be determined from the D com-
ponents. However, the spacing D, to D, in their
spectrum for thallium under a (100) compression
(see Fig. 5, Ref. 10) can be used to calibrate the
stress for the present measurements in which the
ground-state splitting has been determined. It is
estimated that the D3 to D2 separation for thallium
corresponds to (1.7+0.2) &&10 ' meV/dyncm
This value has been used to locate the vertical ar-
row corresponding to a compression of 10' dyn/cm
shown in Fig. 8. The values obtained for the de-
formation-potential constants b ' and b using this
stress gauge and the splitting D4-D, are given in
Tables I and II, respectively. This value of b is
consistent in both sign and magnitude with the
values obtained by other methods ' " (see Table
II). The sign of 5 is, of course, opposite to that
obtained by Dickey and Dimmock since the present
ordering of the sublevels of the ground state is
opposite to that obtained previously.

The (100) data for the C line, summarized in
Fig. 8, show that within experimental error, the
spacings C4-C, and C, -C, are the same as that of
D4-D2, the ground-state splitting. Thus, using
the spacing C4-C2 as the ground-state splitting,

TABLE I. Deformation-potential constants of group-
III impurities in germanium.

Impurity b'(eV)

—1.15+0.16
—1.4 +0.2
—1.5 +0.2
—1.3 +0.4"

d'(e V) " d'/b' b'/bD

—2.2+0.4 +1.9+0.6 —2. 2 +0.7
—2. 9+0, 4 +2.2 +0.6 —1.9+0.4

—2. 1+0.6

Obtained from the splittings C5-C3 of Figs. 6—8 of
Ref. 10.

"Obtained from the D components of Figs. 15 and 16
of Ref. 10.

bD is defined to be the deformation-potential constant
of the excited state of the D line for F II (100). The
ratios b'/bD have been obtained from Figs. 8 and 10 of Ref.
10 and Fig. 6 of the present measurements. The nega-
tive sign is a consequence of the opposite ordering of the
ground-state sublevels relative to those of the excited
state [see Fig. 11(a)].

Obtained using the splitting D4-D2 of the data of Fig.
6, employing Fig. 6 of Ref. 10 to gauge the stress.

the data of Dickey and Dimmock for the C compo-
nents' canalsobe usedto obtain b'. For thallium,
using Fig. 6 of Ref. 10, the values so obtained for
b

' and b are given in Tables I and II, respectively.
In this manner, b

' and b have also been obtained
for gallium and indium impurities, and are also
included in Tables I and II.

A reinterpretation of the data for the C compo-
nents for Fll (100), assuming this to be a I',- 1'7

+ 1", transition, reduces the number of choices of
energy schemes to the two shown in Figs. 12(a)
and 12(b) and have been obtained in the following
way. In Sec. IV, it was mentioned that at small
stress the component C, was stronger than com-
ponent C4. Since this is not the case for larger
stresses it implies that the intensity of C3 in-
creases relative to that of C, as the stress de-
creases, implying that C4 originates from the lower
ground-state sublevel whereas C, arises from the
upper. ' Also, the spacing between C3 and C4 is
less than 4

happ Thus, the final state of C3 must
lie above that of C4 by an amount less than ~ happ.

Further, as discussed above, the spacing C4-C~
measures &ypp If C2 had arisen from the lower
ground state, viz. , I'7, then its final state would
lie ~ &pp below that of C4 and have I'6 symmetry,
since C, is observed for E„. However, with this
interpretation, the selection rules and energy
spacings would not allow a parallel C component
whose energy is smaller than that of C~. Hence,
Cz would appear to originate from the upper ground
state and have the same final state as C4. The
symmetry of this latter state must then be I'7.
The two cases given in Fig. 12 arise from the two
possible choices for"the initial state of the C& com-
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TABLE II. Deformation-potential constants of the valence band of gerxnanium by various methods.

Qeformation- Piezospectroscopic study of group-III acceptors
potential Dickey
constant Present interpretation" and

Ga In Tl Dimmock'

-2.6+1.4

Other techniques

—2. 0+ 0.2 —2.4+0.4

—3.6 + 0.7 —4. 8 + 0.7

—2.3+0.8
+0.9+0.1 -2.1+0.2 l2. 7+0.3l -2.4+0. 2 -2.6+0.2

+ 2, 1 + 0.2 —7.0 + 1.5 I 4. 7 + 0. 5 I
—4. 1 + 0. 4 —4. 7 + 0.3

Units are eV.
Calculated from the values given for 0' and d' in Table I using the expressions of Kq. (3).

'These values are quoted in Ref. 10. However, if the interpretation used by these authors is followed, from their
published data for Ga and In it is estimated that d = +4.7 eV. The origin of the quoted value of +2. 1 is not clear (see
Ref. 32).

Piezo studies of acceptor binding energies from Hall measurements (see Ref. 28).
Piezospectroscopy of the direct exciton (see Ref. 29).

fPiezoreflectance of the direct absorption edge (see Ref. 30).
~Piezoelectroreflectance of the direct absorption edge (see Ref. 31).
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FIG. 12. Schematic representation, in terms of hole
energy (not to scale), of the behavior of the states of the
C line under a (100) compression. The two diagrams
(a) and (b) are the two proposals whichbest fit the experi-
mental observations assuming that the final state of the
C line is the combination I"7+ I'8. V. B. designates the
valence band.

ponent. In both cases, the position of the final
state of this component has been determined from
the observation that C3-C, = ~',«. The selection
rules determine the symmetry of the final state
of C, . In the case of Fig. 12(b), it should be noted
that the splitting of the ground state and the ex-
treme sublevels of the excited state are the same.
Hence, for this case C, may consist of not only
the transition (F,- I',)„but also the transition

(F7- I"7),. There is some experimental evidence
that favors the case of Fig. 12(a) in that, for the
measurement at D,-D~=0.13 meV of Fig. 8, the
peak energy of the unresolved parallel C, and C2
components occurs at about the predicted mean
energy of these components. This implies that as
the stress decreases the intensity of the C," com-
ponent increases relative to that of C",, suggesting
that C, has the lower ground state as initial state.
However, the present experimental evidence is
not sufficient to unambiguously differentiate these
two cases, nor is it sufficient to justify any attempt
to determine the interaction between the two final
I 7 substates involved. No comparison can be
made between the experimental and predicted in-
tensities of the C components without a detailed
knowledge of this interaction, except for transi-
tions to the noninteracting 1"6 state. Hence, for
Fig. 12(a), the experimental intensity ratio of
C ",:C', should correspond to some value of C„/C„
in Fig 3. From Figs. 6 and 7, it is seen that
C &» C &. This inequality can be accommodated at
either C„/C~ =+0.8 or C&/C„=+0. 2. For Fig.
12(b) the transitions (I'7- I'8)„and (I"~- F6)~ are
not observed, even though they should be enhanced
by population effects. The closest. approach to
this situation is at C, /C„=+0. 2. However, even
for this choice the predicted intensities appear to
be too large for the lines not to have been observed.
Hence, this consideration tends again to favor Fig.
12(a). In both Figs. 12(a.) and 12(b), the spacing
C4-C2 is a direct measure of d &«, consistent with
the use of this spacing to obtain values of 5 ' for
all the impurities.

In order to reinterpret the effect ot a (111)
compression, the behavior of the D line will again
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be considered. For this case, it is predicted that
two parallel and three perpendicular components
should be observed and the component I'4- l4,
common to both directions of polarization, should
beweak forE, at C4/C, = —0.2(see Fig. 3). This
is consistent with the observation of two relatively
strong parallel components and two relatively
strong perpendicular components. From the se-
lection rules shown in Fig. 2, it is clear that the
difference in energy between a given parallel com-
ponent and either one or the other of the two strong
perpendicular components measures either the
ground-state splitting or the excited-state split-
ting. Hence, as may be seen from Fig. 9, either
6 f f f or (6 f f f)D the splitting of the excited state,
is very small. The results and conclusions ob-
tained' for gallium and indium impurity are es-
sentially the same as this, except that it is not
clear why the two components D3 and D4 of Fig.
14, Ref. 10"do not have the same energy since
D

& and Da do coincide.
If the ground state undergoes very little splitting,

then the spectrum will exhibit virtually no depopu-
lation effects and the deformation-potential con-
stant d' will be essentially zero. ' If depopulation
effects occur then it is the excited state which is
unsplit. From the selection rules, it is seen that
the two parallel components have different ground-
state sublevels as initial states. From Figs. 14
and 15 of Ref. 10 for indium and gallium, and Fig.
9 of the present results for thallium, it is seen
that as the spacing D4-D, increases so does the
intensity of the high-energy parallel D component
relative to that of the low-energy parallel compo-
nent. Such an effect is also observed for the
perpendicular components and is particularly no-
ticeable when a comparison is made between the
spectra of Fig. 14 of Ref. 10 and Fig. 9. Thus it
is concluded that there are depopulation effects
and that the splitting of the D components is entire-
ly due to the splitting of the ground state.

It now remains to order the sublevels of the
ground state. This can be done by a comparison
of the calculated intensities with those observed.
From Fig. 3, for C4/C„= —0.2, it is estimated
that the intensity ratios are, independent of de-
population eff ects,

(a) (r4.4-r4.All/(r4. 4-r4)f

(b) [(r,-r,)+(r;r„g],/(r, -r,)„=1.1;
and, for equal population of ground-state sublevels,

(c) (r4-r4)„/(r„,-r„4)„=0.9,
(d) [(r,-r, )+(r,-r„,)],/(r„, -r, ),=1.I. .

If the lower sublevel of the ground state is I'4 as

shown in Fig. 11(b), ' then with the labeling given,
which is also the labeling used in Fig. 9, the pre-
dicted intensity ratios become, independent of
depopulation effects,

(a) D" /D = 1.1,
(b) (D +D ) /D"= 1.1;

and, including expected depopulation effects,

(c) Dll/Dll&0 9

(d) (D +D)"/D &1.1 .
Experimentally, Df4/D2=1 and (D4+D, )'/D'4&1
for all measurements, while D4/D", &1 for Fig. 9
but is a little less than 1 for Figs. 14 and 15 of
Ref. 10. The experimental ratio (D4+D, )'/D2 &1

for Fig. 15, Ref. 10, and Fig. 9, but is slightly
less than 1 for Fig. 14, Ref. 10. These estimates
are based on peak intensity without any attempt to
take into account background absorption or
linewidth.

If F4 is the upper sublevel of the ground state
and the same ordering of the excited state is re-
tained, then the predicted intensity ratios would

be, ' independent of depopulation effects,

(a) D" /D 1.1, —

(b) (D + D ) /D " = 1.1,
and, including expected depopulation effects,

( ) D II /D II 0 9

(d) (D + D,)'/D ', & l. 1 .
Experimentally, D", /D, &1 and (Da+D, ) /D2- lfor
all cases, while D2/D,"&1 for Figs. 14 and 15 of
Ref. 10, and &1 for Fig. 9. The experimental
ratio (Df+Df)'/D4& 1 for Fig. 15 of Ref. 10 and

Fig. 9, and-1 for Fig. 14 of Ref. 10.
From the above it is seen that neither case

agrees unambiguously with the predictions. How-

ever, the ground-state ordering represented in
Fig. 11(b) is clearly to be preferred, since only
one serious violation occurs for this case; the
ordering so obtained is again opposite to that de-
duced by Dickey and Dimmock. '0 From the quan-
titative data of these authors, values of d' and d
have been estimated for both gallium and indium.
These are included in Tables I and II. The mag-
nitude of ~ »& in each case has been gauged from
the energy difference between the high- and low-
energy D components.

A satisfactory reinterpretation of the stress be-
havior of the C line for Fll (111)has not yet been
made. '7 If it is assumed that the final state of
the C line is a I'7+ 1"„predicted by Mendelson and
James, the experimental facts are sufficient to
reduce the number of possible energy schemes to
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four. None of these cases is completely consis-
tent with the intensity predictions. However, it
is not clear to what extent these predictions are
affected by possible interaction between the two
stress-induced I substates which are part of the
decomposition of the excited state.

The splitting of a fourfold-degenerate state for
Fll (110) is determined by the values of the defor-
IIIRi1011-po'teIltlRI coIlstRIlts foI' Fll (111)Rlld

Fll(100). Thus, the results obtained for Fll(110)
can be used to verify the conclusions arrived at
for the other two directions of compression. It
has been shown ' that the splitting of the ground
state for Fll (110) is given by

with similar expressions for the excited I"8 states.
Hence, with a knowledge of the various deforma-
tion-potential constants the value of the ratio
&»0/(~ '„0)II can be predicted. In this way, it is
possible, in principle, to differentiate between the
various interpretations of the data. In both the
present interpretation and that of Dickey and Dim-
mock, '0 the value of d D is zero, where d & is de-
fined as the deformation-potential constant for
Fll(111) of the excited state involved in the D
transition. In this case, inserting the experimen-
tal values for the elastic constants into EII. (4)
gives

1~ ~~0

(~ 1104
1+0

In the interpretation of Dickey and Qimmock, '

the values of b'/b I'I and d'/b ' for indium impurity
are 0.45+0.07 and 2.8+0.5, respectively. These
ratios lead to a value of 0.9 +0.2 for & II, /(&IIO)D.
Using the same interpretation, but the value of
d' = 2.8+0.3 eV" obtained by reevaluating Dickey
and Qimmock's data, a value of 1.6+0.5 was ob-
tained for the ratio of EII. (5). The values of
b '/b II and d "/b ' listed in Table I, i.e. , those ob-
tained using the present interpretation, give a
value of 3.2+ 1.2. It is found (see Tables 2 and 4
of Ref. 10 and Table I) that the ratios of deforma-
tion-potential constants appearing in EII. (5) are
essentially species independent; hence the above
three different values of 4 IIO/(&»0)I& for indium
impurity can be used to predict the pattern of the
components of the D line for thallium impurity.
The only value of b, »~/(d, »0)D which is at all com-
patible with the data of Fig. 10 ls that obtained
using the present interpretation. In the other two
cases, either three or four well-separated D com-
ponents should be observed. Dickey and Dimmock
have used their values of b' and d' to predict the
splitting of the B line for Fll (110) and state that

they have obtained agreement with their experi-
mental value. However, from the above, it is
apparent that their data for the D line should not
agree with their interpretation. Unfortunately,
their spectra for Fll (110) were not presented and
hence this point cannot be verified.

From EII. (4), a result similar to that of EII.
(5) can be obtained for the case where d ' = 0, a
possibility which was rejected in the discussion of
Fll(111). In this case, the ratio I & II0/(&IIII)&l Is
found to be 0.7+0.2, a value incompatible with
the pattern for the B components of Fig. 10. This
further justifies rejection of this case.

VI. CONCLUSION

It has been seen that if the stress-induced split-
ting of the ground state of a group-III acceptor in
germanium is deduced from the behavior of the D
line, then the deformation-potential constants of
the valence band obtained from those of the impuri-
ty ground state are in agreement both in sign and
magnitude with values found by other methods.
The conclusion that both the ground state and the
final state of the D line have l"8 symmetry is in
agreement with theory. The deductions regarding
the final state of the C line are not as clear as
those for the D line. The data do show that the C
line has a complex final state, but it has not been
verified unambiguously that this is the 1" + I'
combination predicted by theory, nor has the spac-
ing between these two states been determined.
However, a recent study of singly ionized zinc in
germanium" suggests that this spacing is -0.04
meV. The success in interpreting the behavior of
the ground state from that of the B line implies
that the symmetry of the final state of the B line is
not 1',. It is suggested that it is the (8-12) state,
a level not calculated by Menselson and James,
or else a combination of this with some other states.

It should be remarked here that the orderings
of the ground-state sublevels deduced from the D
line for both Fll(100) and Fll(111) are the same
as those obtained in a similar study of four of the
group-III impurities in silicon. ' ' In addition,
the relative intensities of the components of the D
line of group-III impurities in germanium are quite
similar to those of the components of line 2 of
boron aluminum and indium in silicon in that
for Fll(100) there are strong central components
flanked by very weak components, even though the
ratio of ground- to excited-state splitting is not
the same for these two transitions. Also, for these
two excitations, the ordering of the stress-induced
sublevels of the excited states is the same. For
the case of singly ionized zinc in germanium,
the behavior of the D line is almost identical to
that of line 2 of boron impurity in silicon. It
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would appear, then, as if the l"8 -I', transition
giving rise to the D line of single acceptors in
germanium is of the same type as that of line 2
for group-III acceptors in silicon. A study of the
G line of such acceptors in germanium would pre-
sumably reveal the similarity of this transition
with that of line 1 of acceptors in silicon.

There is some indication that the constants b'
and d' have a slight species dependence. These
appear to become larger, the larger the chemical
shift of the ground state of the impurity, ' presum-
ably owing to slight differences in the wave func-
tions for this state and thus the relations of Eq.
(3), calculated using the effective-mass wave
functions, should not be expected to be exact.

However, ignoring these differences, the average
values of 5 ' and d ' are —1.4 and —2. 5 eV, re-
spectively, which lead in turn to the values of
—2. 5 and —4. 1 eV, for b and. d.
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