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Piezospectroscopy of the ground and excited states of zinc double acceptors in germanium
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Piezospectroscopic midinfrared absorption studies of the neutral double acceptor Zn in Ge have
been undertaken to determine the ordering and symmetries of the ground and excited states. The
results are shown to be in excellent agreement with existing theoretical models of the double accep-
tor states, provided that the lowest-energy component of the split ground state has I'; symmetry at
zero stress. The experimentally determined deformation-potential constants for Zn agree well with

those of the single acceptor Ga in Ge.

I. INTRODUCTION

While it has long been known that the ground state of
the deep double acceptor Hg in Ge is split due to hole-
hole interactions,! =3 it was thought that these effects
were unimportant for shallower species. More recent
studies of shallow double acceptors in Ge have, however,
lead to the observation of a ground-state splitting for Be,
Zn, and Mg.* The first such observation was made by
Cross et al.’ who detected small line splittings in the ab-
sorption spectrum of Ge:Be. They interpreted their re-
sults by considering the symmetry of the single- and
double-acceptor ground-state wave functions where the
former transforms as 'y of the double group T, and the
latter transforms as the antisymmetric direct product of
two such states:

They attributed the ground-state splitting to a lifting of
the degeneracy of the ground-state multiplet due to the
hole-hole interaction, leading to three levels, I';, I's, and
I',. By making an analogy with atomic systems, which
was quite general in the existing literature on double ac-
ceptors, they located the I'; (J=0) level higher in energy
than the I'; 4+ I'5 (J =2) levels.

Thewalt et al.® observed an unexpectedly large
ground-state splitting of 2.41+0.1 meV in Ge:Zn which
was also attributed to hole-hole coupling. By comparing
the double-acceptor system with that of an exciton bound
to a single acceptor in Si, they proposed that the lowest
double-acceptor ground state might in fact have I'; sym-
metry. This was supported by a uniaxial stress study of
the photoluminescence of bound exciton and bound mul-
tiexciton complexes in Ge:Zn.* Recently, however, Bing-
geli and Baldereschi’ reported a theoretical calculation of
the ground-state splitting of Ge:Zn which indicated that
the I';+ I's state was more tightly bound than I';.

The object of the present paper is to verify the symme-
try and ordering of the ground and excited states of the
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Zn double acceptor in Ge by piezospectroscopic studies
of the midinfrared (MIR) absorption lines. Preliminary
uniaxial stress measurements in Ge:Zn were made by
Fisher ef al.® and were tentatively explained by
Kartheuser and Rodriguez® using a model in which a ful-
ly degenerate ground state was assumed at zero stress. In
the present study we extend the model of Kartheuser and
Rodriguez to include a large ground-state splitting due to
the hole-hole interaction. Using this model, excellent
agreement is obtained between theory and experiment
leading us to the identification of the lowest ground state
as I';. Furthermore, the values of the deformation-
potential constants of Ge:Zn derived in this work agree
closely with those of the single-acceptor system Ge:Ga.'°

In Sec. IT we describe the experimental techniques used
to measure the absorption spectrum of Ge:Zn as a func-
tion of stress, temperature, and polarization of the MIR
radiation. The experimental results are given in Sec. III
along with a theoretical analysis. The results presented
in this paper are then summarized in Sec. I'V.

II. EXPERIMENTAL PROCEDURE

Fourier-transform MIR spectroscopy was used to
study the absorption spectra of Zn- and Be-doped Ge.
The experimental apparatus consisted of a Bruker IFS
113V Michelson interferometer. The modulated output
beam was polarized using a stacked-plate polarizer and
then focused onto the sample located in the tail of a
Vari-Temp Dewar.!! The transmitted radiation was
filtered and detected by a 1.6 K Ge bolometer'? located in
the same Dewar. The spectra were collected at an apo-
dized resolution of 0.15 cm ™.

Samples were cut from low compensation, vacuum-
grown Ge containing either 2.3%x 10 cm™* Be or
2Xx10"% cm~3 Zn. The samples, which measured
2X4X% 12 mm?>, were stressed between parallel piston
faces with a calibrated force applied through a push rod
from outside the cryostat. Thin lead pads were placed
between each sample end and piston face in order to
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guarantee a homogeneous stress. At each stress, pairs of
spectra were taken with the MIR electric vector alter-
nately parallel and perpendicular to the stress axis. In
addition, these spectra were taken at both 4.2 and 1.8 K
in order to reveal temperature effects which can help
separate the thermalizing ground-state splittings from the
non- thermalizing excited-state splittings. The sample
temperature was determined from the vapor pressure of
the liquid He in which it was immersed.

III. EXPERIMENTAL RESULTS AND DISCUSSION

Figure 1 shows some absorption spectra of Ge:Be tak-
en along the [100] direction at a stress of 11 MPa and at
temperatures of 4.2 and 1.8 K. Even at this low stress,
the stress-induced splittings dominate the zero-stress Be
splittings which result from hole-hole interactions. Fig-
ure 2 shows spectra taken under the same conditions in
Ge:Zn, but at a slightly lower stress of 10 MPa. The re-
sults for Ge:Be were found to be in good agreement with
those of Cross et al.'> who recently reported a detailed
piezospectroscopic study of Ge:Be. They showed that, at
stresses where the small hole-hole interaction can be
neglected, the Be double acceptor under uniaxial stress is
well described by Kartheuser and Rodriguez’s model in
which the essentially degenerate {I'gXI'g} ground state
splits into three components. This stress-induced
ground-state splitting is directly reflected in a dramatic
temperature dependence of the Ge:Be absorption spec-
trum as shown in Fig. 1. These temperature effects, re-
sulting from thermalization between the split-ground
state levels, were observed in Ge:Be over the entire range
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FIG. 1. Representative Ge:Be uniaxial stress spectra taken at
a [100] stress of 11 MPa. The spectra depend strongly on both
the temperature and polarization. The apodized resolution was
0.02 meV.
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FIG. 2. Representative Ge:Zn uniaxial stress spectra taken at
a [100] stress of 10 MPa. In contrast to the Ge:Be results shown
in Fig. 1, less fine structure and no temperature effects are ob-
served. In fact, no thermalization was detected over the entire
range of [100] stresses studied here. This indicates that all the
observed Zn lines originate from a single ground-state level
which does not split under [100] stress.

of stress up to 50 MPa. However, for Ge:Zn no thermali-
zation could be detected between 4.2 and 1.8 K spectra
for any stress between zero and 63 MPa. This striking
difference in temperature dependence between the Be and
Zn results is readily observed by comparing Figs. 1 and 2.
Thus Zn, unlike Be, shows no observable stress-induced
splitting of the ground state involved in the MIR transi-
tions over the range of stresses studied here. Further-
more, the simplicity of the Zn piezospectra as compared
to those of Be again underlines the fact that the ground
state involved in the Zn transitions has considerably less
degeneracy than the full {Tg X Tg}.

To reconcile these results, we must first consider that
Zn, unlike the Be double acceptor, has at zero stress a
large ground-state splitting of 2.4+0.1 meV caused by the
hole-hole interaction.® Furthermore, at the temperatures
used to take these spectra, only the lowest ground-state
component is populated, and only this lowest ground-
state level is involved in the observed MIR transitions.
This immediately suggests that the lowest ground-state
level of Ge:Zn is indeed I'; (J =0), since this state cannot
be split by stress. Under [100] stress, the I'; and I
(J=2) levels of {I'gxTg} splitinto '} +T'; and T'y+Ts,
respectively. We must, of course, ask ourselves whether
these J =2 splittings would be large enough to be ob-
served, and to thermalize over the stress range used here,
if J =2 was instead the lower ground state. Since the
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ground-state splitting is known® to be 2.4+0.1 meV, and
the deformation potential for the Zn ground state should
be very close to that of Be, or of that of the single 1.5 hole
in the excited Zn, the size of the expected J =2 ground-
state splittings can readily be estimated.'* For example,
at a [100] stress of 50 MPa the expected J=2 splitting
would be ~0.3 meV, while for an equal [111] stress the
splitting would be slightly larger. Had they existed, such
splittings would have been easily resolvable, and would
have shown strong thermalization between 4.2 and 1.8 K.

A. Piezospectroscopy with F||[111]

Figure 3 shows typical absorption spectra of Ge:Zn
with stress applied along the [111] direction. No
thermalization was observed between 1.8 and 4.2 K at
any stress up to 50 MPa indicating again that the lowest
ground-state level does not split with stress. The results
of these measurements are summarized in Fig. 4 in which
the position and polarization of the various absorption
lines are plotted as a function of stress. (A line is con-
sidered to be unpolarized if it contains significant ele-
ments of both polarization components. In some cases
the crossover of two oppositely polarized lines may lead
to the appearance of a single unpolarized line.)

Figure 5 shows the energy-level scheme derived from
the detailed group theoretical study of Kartheuser and
Rodriguez.’ In our model the ground state is split at zero
stress by hole-hole coupling with the lowest state, I';, 2.4
meV below the higher levels, as already determined.®
This splitting is large enough to cause complete thermal
depopulation of the higher ground states at liquid helium
temperatures.

The excited state is represented in the self-consistent-
field approximation by the direct product I'y X 'y where
Iy is the irreducible representation of the excited single-
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FIG. 3. Representative Ge:Zn uniaxial stress spectra taken at
a [111] stress of 10 MPa. Additional data show that no thermal-
ization was observed between 1.8 and 4.2 K, at this or any other
[111] stress. The apodized resolution was 0.02 meV.

LABRIE, BOOTH, THEWALT, AND HALLER 38

L T T T T
AV RN B L A
] f7 01 b /A
L ¥ . . © © Ox x o o» . |
] AR AR 7]
~ x * G . o x ex  0x o cx oe . }
3 %/ e 100 WO i
n. o . . (=] 4 x &0 ox X x 0xoe .
sso- | [/ /J [ (R ] -
~ | G | /
o 18 UGS AL
° | ] ro/ [y /i /
- = o . ¢ 9 1e < e ™ coe oe . —
s L] vy g, ’
- | | /] I o/ [\ |
IR RRT; dodg e T o
x ‘ i [/ | A [V /
x b N
£ L oAV L L
— = Wy A S N A
= ey RN T A,
= Jowvrrn
= LWy AV N |
V1 voooN VT
G i Dy CRF BiTrL
0 —
| 1 { | |
28 30 32

Line Position (meV)

FIG. 4. Stress dependence of the line positions of the G, D,
C, B, and A4 lines of Ge:Zn for F||[111]. The symbols @, O, and
X represent ELF, E||F, and unpolarized absorption lines, re-
spectively. The lines are drawn for convenience only.

particle hole state in T, and 'y that of the hole remain-
ing in the single-particle 1S-like state. In this approxima-
tion the I'g-T'y hole-hole interaction is ignored, a valid as-
sumption since no splitting of the Zn excited states is ob-
served at zero stress. For stress applied in the [111]
direction the symmetry group is reduced from T, to Cs,
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FIG. 5. Energy-level scheme and optical transitions for the
[111] stress-induced components of Ge:Zn. The dashed and
solid arrows are for E||F and ELF, respectively. The figure has
been drawn for d’ <0, d, <0, and T <0. The stress-induced
splittings and the associated symbols are defined in the text.
The {I'gx T} ground state is shown to be split by hole-hole
coupling into three nondegenerate I'}, I3, and I's levels.
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and the Ty representation splits into I's, ¢ and T, of Cj,
where I's_ ¢ is the Kramers doublet I's+ . The excited
state '3 X Ty then splits into four levels as shown. These
splittings are characterized by A},; and A§;,, correspond-
ing to splitting of the single-hole 1S-like state and excited
hole state, respectively. These coefficients are related to
the ground- and excited-state shear deformation-potential
constants, d’ and d, through the following expressions:

, d'SyuT d,S,,T

A= V3 2 fwmEToRT

S44 is one of the elastic compliance constants and T is the
uniaxial stress, negative for compression.

Comparison between the predicted transitions shown
in Fig. 5 and the piezospectroscopic results in Fig. 4 en-
ables us to identify the four G components from their po-
larization. The Ty excited hole state splitting is then
given, for example, by the separation of lines G; and G,,
while the splitting between G, and G, gives the 1S-like
I'g hole state splitting. In the D and B lines, only the 1S-
like 'y state splitting is seen at low stress although a
small Ty splitting becomes apparent at higher stresses.
The C line is more complicated because here the excited
hole state is represented by the superposition of 3T’y and
IT7 of T, at zero stress.!* The two unpolarized com-
ponents of the C line above 10 MPa are associated with
3T’y and display small excited-state splittings at higher
stress. The two remaining branches come from the 1T
excited hole state and have no excited-state splitting,
since I'; of T; does not split in Cs,.

The splitting of the single-hole 1S-like I'g state should
be virtually unaffected by the state of the excited hole due
to the small overlap between the 1S-like and excited hole
wave functions. This is seen to be the case in Fig. 6 as
the single hole I'y state splittings of the G, D, C, and B
lines are observed to agree closely as a function of stress.

The I'y and I'y deformation-potential constants evalu-
ated from the above results are given in Table I and com-
pared with those of various acceptors in Ge.

(2)

B. Piezospectroscopy with F||[100]

The stress dependence of the Ge:Zn absorption spec-
trum for the [100] direction is summarized in Fig. 7. A
characteristic feature displayed in Fig. 7 is the splitting of
the G line into four components where, for stresses above
40 MPa, lines G, and G, are unpolarized while G, and
G5 are polarized with ELF. This structure is reflected in
the D and B lines, except that in the B line the two cen-
tral components merge into one unresolved line.

The energy-level scheme shown in Fig. 8 was con-
structed using the same approximations as those em-
ployed in Fig. 5. For stress applied along the [100] direc-
tion the double group T, reduces to D,;, and the Iy rep-
resentation splits into I'y and T'; of D,,, giving a fourfold
splitting of the excited state. The single hole I'y and T’y
splittings, Ajg and Afy, are related to the shear
deformation-potential constants b’ and b, by

Algo=2b"(8; =S )T, A10=2b,(S},—S;,)T . (3)
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FIG. 6. The splittings of the single hole 1S-like states associ-
ated with the G (G4—G,), D, C, and B lines are plotted as a
function of stress in the [111] direction. The data for the C, D,
and B lines have been displaced upwards in energy by 0.4, 0.8,
and 1.2 meV, respectively. The solid lines represent linear fits to
the data. The slopes are identical to within experimental error.

As can be seen from the set of allowed transitions in
Fig. 8, a simultaneous change in sign of ' and b, would
result in the same ordering of polarized and unpolarized
transitions, therefore only the absolute values of b’ and b,
can be determined. The single-hole I'y and Ty splittings
can be distinguished from each other by the fact that, as
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FIG. 7. Stress dependence of the line positions of the G, D,
C, B, and A lines for F||[100]. The symbols @, O, and X
represent ELF, E||F, and unpolarized absorption lines, respec-
tively.
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TABLE I. Deformation-potential constants of acceptor states in Ge [eV/(unit strain)].

Experiment

Zn® Be® Cu* Zn~¢ Ga® Theory'
b'e +1.23+0.01 +0.93 1.300 —-0.75 —1.33 —1.26
d'® —2.40+0.02 —4.02 ~0 —2.32 —2.91 —2.51
bé +0.38+0.04 0.19 0.213 0.44
d —1.01+0.01 —1.00 —1.45 —1.10 0.88
bp +0.94+0.03 +0.78 0.54 0.65 0.60 0.38
d} —0.60+0.02 —022 ~0 0.15 < 0.06 | —0.19

“Present work.
®Reference 13.
‘Reference 16.
dReferences 10, 17, and 18.
‘Reference 10.

.M. Browning, Ph.D. thesis, Purdue University, 1984.
EThe b’ and d’ values are those for the G components since level crossing effects are minimal for these

states.

for the [111] direction, the [y splitting should be approxi-
mately the same for all four lines G, D, C, and B. This is
seen to be the case in Fig. 9, confirming our assignment
of the various optical transitions. Unlike the [111] case,
the 'y excited-state splittings for [100] stress increase for
the more weakly bound states, and for the B line becomes
equal to the I'g splitting, causing the merging of the two
central lines. This behavior parallels that of the single ac-
ceptor Ga in Ge.!® The shear deformation-potential con-
stants derived from our results agree surprisingly well
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FIG. 8. Energy-level scheme and optical transitions for the
[100] stress-induced components of Ge:Zn. The dashed and
solid arrows are for E||F and ELF, respectively. The figure has
been drawn for b'<0, b, >0, and T <0. The stress-induced
splittings and the associated symbols are defined in the text.
The {I'gX T3} ground state is shown to be split by hole-hole
coupling into three nondegenerate '}, T';, and T's levels.

with those of Ga in Ge as seen in Table I, supporting the
single-particle approximation for the excited states.

The assignment of I'| as the lowest two-hole ground
state is amply supported by our results. As can be seen
from Figs. 5 and 8, a I'5 ground state should split under
stress in either the [111] or [100] direction while the T
state would split in the [100] direction only. This split-
ting would be detected by the presence of extra lines in
the absorption spectrum and by thermalization between
lines, neither of which was seen in our results. Even if
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FIG. 9. The splittings of the single-hole ground states associ-
ated with the G (G4, —G,), D, C, and B lines are plotted as a
function of stress in the [100] direction. The data for the D, C,
and B lines have been displaced upwards in energy by 0.4, 0.8,
and 1.2 meV, respectively. The solid lines represent linear fits to
the data. The slopes are identical to within experimental error.
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the stress-induced splitting of these ground states was too
small to produce such effects, the polarization selection
rules would be different from those shown in Figs. 5 and
8, generally allowing more lines to appear unpolarized.
The polarizations observed in our results are completely
consistent with a I'; initial state. On the basis of all of
the above evidence, it is clear that the lowest lying level
of the hole-hole split ground state of Zn in Ge has T,
symmetry.

IV. CONCLUDING REMARKS
A. Ge:Zn

The model used to interpret the experimental results
presented in this paper was based on the group theoreti-
cal analysis of Kartheuser and Rodriguez.” The hole-
hole interaction was fully taken into account for the
stress dependence of the ground-state levels. It was
shown that the piezospectroscopy of Ge:Zn could only be
understood if the I'| two-hole state is more tightly bound
than I'; or I's. This conclusion supports our previous as-
signment of I"; as the true ground state based on a uniaxi-
al stress study of photoluminescence in Ge:Zn.® This “in-
verted” ground-state ordering is opposite to the ordering
which was generally proposed in the literature. There, an
analogy with atomic systems and Hund’s rule had been
used to locate the I';+I'5 levels at lower energy than the
I’ level.

For the excited states, the self-consistent-field approxi-
mation was utilized to describe their dependence upon
uniaxial stresses. The validity of this approximation, in
which hole-hole interaction is neglected, was supported
by our results, and in particular by the good agreement
between the shear deformation-potential constants ob-
tained for Ge:Zn with those of the single acceptor Ge:Ga.

B. Implications for Ge:Cu triple acceptor

Recently, Salib et al.'*'® investigated the piezospec-

troscopy of the neutral triple acceptor Cu in Ge. In their
analysis, the zero-stress ground state was given by
{TgXTgXTg} =Ty and the excited states by {I'gX g}
XT, (n=6,7,8). The {[yX Ty} states of the two holes
left in the 1S-like ground-state configuration were taken
to be degenerate in the absence of stress. This degenera-
cy assumption leads to a complicated model for the stress
splitting of the excited states, with {T'gX g} X 'y split-
ting into at least six components. Coupled with the two-
fold stress splitting of the I'g ground state, there is clearly
considerable room for complexity in the piezospectros-
copy of neutral Cu in such a model.

Surprisingly, the observed splittings were of a very sim-
ple nature and remarkably similar to those of single ac-
ceptors in Ge.'>!® The observed splitting patterns were
explained within the framework of the above model by
postulating the stress splitting of the {[g X Ty X g} =Ty
ground state to be identical to that of the two holes in the
{Tgx Ty} state associated with the final state. Although
the pattern of the splittings could be reproduced under
this assumption, problems remained with the intensities
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of the lines, and in particular, with the temperature
dependences of the relative intensities.'> 6

We wish to propose an alternate explanation of the
surprisingly simple piezospectroscopy of the neutral Cu
triple acceptor which follows from the fact that the
{TCgXx Ty} state of the two 1S-like holes in excited Cu
might well be split by the same hole-hole interaction con-
sidered here for double acceptors. In this model, the
{T'gxXTg} two-hole state of the excited triple acceptor is
taken to have a large zero-stress hole-hole splitting into
I'), T';, and g states, with I'; lowest in energy. The ob-
served transitions are then not I'y— {3 X T4} X}, but
rather I'y—T' | XTI, =T}, and an explanation for similar-
ity with the single-acceptor results is immediately obvi-
ous.

These two models predict quite different behaviors for
the thermalization of the intensities of the stress-split
components. In the model of Salib et al.,'>!¢ all four ob-
served components of a transition to a I'y excited state
contain contributions from both levels of the stress-split
initial state. Thus all four components should remain
with constant relative intensity in the low-temperature
limit (kT <<the ground-state splitting). In our model,
the four components are interpreted as transitions from a
twofold-split initial state to a twofold-split final state (as
in the single-acceptor case). We would therefore predict
that two of the four absorption lines should completely
vanish in the low-temperature limit. While Salib et al.'®
have reported some preliminary thermalization data, it
does not cover a sufficient range to distinguish between
the two models.

Given what has been learned of the hole-hole splitting
in double acceptors, it does not seem unlikely that this
splitting for the two holes left in the 1S-like states of the
excited triple acceptor could be quite large. The size of
the splitting is strongly dependent upon the degree of lo-
calization of the holes involved, and this could be large
for two 1S-like holes bound to the triply charged Cu ion,
since the excited p-like third hole will have negligible am-
plitude in the central-cell region.

If our proposed model is correct, it should have conse-
quences for the unperturbed Cu absorption spectrum as
well. One would expect to observe transitions to I'; X I},
and I'sX T, excited states (here I'; and T’ are two-hole
states obtained from {3 X Tg}). It is also, of course, pos-
sible that the two-hole 1S-like { "y X I'g} state for excited
neutral Cu is split but then the I'; state does not lie
lowest in energy, although this should result in a more
complicated piezospectrum. Further experimental stud-
ies of the spectroscopy of neutral Cu in Ge, both with
and without external stress, would clearly be desirable.
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