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Strongly quenched deformation potentials of the Mn acceptor in Ga+s
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We have measured the luminescence spectrum of Mn-doped GaAs at liquid-He temperatures with and
without an applied uniaxial stress. At zero stress we found clearly resolved donor-acceptor {DA) and

band-acceptor recombination bands involving Mn. From these measurements we get a precise acceptor
binding energy of 113+0.5 meV. The stress dependence of the peak energy and of the polarization of
the DA recombination spectrum was used to derive the following deformation potentials of the
acceptor: a' = —9.1 eV, b' = —0.35 eV, and d' = —0.8 eV. The potentials b' and d' are only 18%
and 15%, respectively, of the corresponding shear-strain-deformation potentials of the valence band. We
attribute this reduction principally to the localization of the bound hole with an additional contribution
from a dynamic Jahn-Teller eA'ect.

I. INTRODUCTION

Deep levels in semiconductors are not nearly as
well understood' as the shallow centers explained
by effective-mass theory. Therefore, it seems to
be important at present to gain further insight into
the properties of deep impurity states by experi-
ment. Two deep Cu acceptors in GaAs' have
recently been shown to be formed by complexes
of lower than lattice symmetry. Shallow a.c-
ceptors, however, are presumably point defects,
as may be concluded, for example, from the shift
of the emission from such an acceptor under uni-
axial strain. This shift, as measured by Bhargava
and Nathan' (BN), is similar to the shift of the
band-to-band emission only with somewhat re-
duced deformation potentials. We have performed
luminescence experiments on the Mn acceptor in
GaAs with zero and nonzero uniaxial stress in
order to answer three questions. First, what is
the nature of the observed low-temperature emis-
sion, is it band-acceptor (BA) or donor-acceptor
(DA) recombination? Second, is the Mn acceptor
formed by a complex like other deep levels, and
third, if it is not, what are the deformation poten-
tials of this acceptor'P

II. EXPERIMENTAL

The luminescence spectra were recorded by con-
ventional lock-in techniques. A set of neutral den-
sity filters was used to vary the intensity of the
exciting He-Ne laser radiation, a,nd a photomulti-
plier with InGaAs cathode facilitated the detection
of low-level signals. Measurements between 4
and 300 K were possible by using a He gas-flow
Dewar. The uniaxial stress apparatus was similar
to the one described by Pollak and Cardona' with

appropriate modifications for low-temperature
applic ations.

Manganese-doped GaAs samples were grown by
liquid-phase epitaxy. At higher doping levels (5

mg of Mn per 25 g of Ga melt) the samples be-
came p type in our epitaxy furnace, at low doping
levels (0.5 mg of Mn per 25 g of Ga melt), however,
they remained n t~ oe like undoped samples. An

n-type sample with electron concentration n =1.27
@10"cm ' and mobility p. =23640 cm' Vsee at
77 K was chosen for our mea, surements because
low doping levels are favorable for narrow line-
widths,

Slabs, parallel to the three principal crystal-
lographic directions, were eut from an epitaxial
layer on an (110)-oriented substrate. The sub-
strate plus film thickness was about 1.3 mm, and

typical sample dimensions were 1.3 &1.2 &7 mm.
The uniaxial stress was applied parallel to the

long side of the slab. The cross section perpendic-
ular to the stress direction wa. s nearly square to
minimize uncertainties in the stress magnitude

due to a possible bending of the compressed sam-
ple.

III. ZERO STRESS

We intended to clarify at first the nature of the
Mn emission at low temperatures without stress.
As is well known from the luminescence spectra
of shallow acceptors' DA and BA recombination
bands are clearly resolved at low doping levels.
We show for the first time that this is true also
for deep acceptors like Mn. Figure 1 exhibits five
spectra of Mn-doped GaAs at various temperatures.
At 4 K essentially all excess electrons recombine
from the donor ground state, and only DA emis-
sion is seen. At S.5 K and higher-temperatures
excess electrons are also found in the conduction
band, and B:" recombination becomes increasingly
important. At 28 K, DA recombination is seen
only as a weak shoulder.
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The circles in Fig. 1 are theoretical points, as
discussed below, and the solid lines are experi-
mental results, The line shape of the BA recom-
bination is well described by Eagles's formula. '
There are minor discrepancies between the mea-
sured temperature of the sample holder (given in
Fig. l) and the temperature used in Eagles's
formula (given in the legend of Fig. l), which are
deemed insignificant, however, because there
might be small deviations of the true sample tem-
perature from our measured temperature. %'e

emphasize, however, two points. First, it is
absolutely necessary to use extremely low excita-
tion intensities in order to avoid heating of the
conduction electron system. Our excitation inten-
sity I, was only about 10 p, W mm '. Second, the
fit with Eagles's formula is satisfactory although
Mn is a rather deep acceptor, while the formula
is derived for effective mass acceptors. This re-
sult is to be expected, because only the absorp-
tion line shape is sensitive to the acceptor wave
function, whereas the emission line shape at low
temperature is given mainly by the electron dis-
tribution in the conduction band. From the fit we
obtain E, —E, =1.406+ 0.0005 eV. %1th the gap en-
ergy E, =1.519 eV„' we get the acceptor energy
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FIG. 1. Photoluminescence spectra of the Mn acceptor
in GaAs at five different temperatures and at low-excita-
tion intensity I0-10 pW mm 2. The phonon replicas on
the low-energy side are not shown. In the case of the
band-acceptor {BA) recombination band the circles are
obtained by Eagles's formula {Ref. 6) with T =13, T =17,
and T =25 K. In the case of the donor-acceptor (DA} re-
combination band the circles correspond to Eq. (1).

E,=113+0.5 meV.

This result is in reasonable agreement with earlier
measurements, ' which gave E, -E,=1.4089y0.0003
eV, leading to E,=110 meV.

The DA recombination line shape for distant
pairs has been calculated by Lorenz et ai.' In the
low-excitation limit the line shape is given by

g(x) ~x 'exp( 4',-e'/3e'x'),

g = 4g) —E +E, +E~ „

and the photon energy of the emission peak is

h(em~ =E —E, —E~+e'(vN~) '/e.

All symbols have their usual meaning (see Ref. 9).
Because the dielectric constant & and the donor en-
ergy E~ are known in GaAs, and E, -E, is obtained
by the fit of the BA recombination band, the only
undetermined parameter is the donor concentra-
tion N~. Increasing donor concentration shifts the
emission maximum to higher energies and broad-
ens the emission band. Therefore, one particular
N, chosen to give the emission maximum correct-
ly also determines the halfwidth of the band. The
circles on the DA recombination band in Fig. 1 are
obtained with N, = 9.0 x10" cm ', using the accepted
values E, =5.8 meV, "and &=12.56." The half-
width of the theoretical band shape is seen to be
too broad. However, at lower doping levels good
agreement has formerly been obtained with shallow
levels. " At our donor concentration the higher-
excited donor states already form a continuum
which effectively lowers the conduction band mini-
mum and therefore the effective donor energy
could be reduced. If we assume the value E~ =5.2
meV, then N~ = 5 x10" cm ' gives very good agree-
ment between theory and experiment. In Fig. 1,
however, we did not fit N, and E, because we have
no independent test for the reduction of the effec-
tive donor energy. The obtained donor concen-
tration indicates (see the measured electron con-
centration n) strong compensation caused by the
Mn-acceptor doping.

Higher excitation intensities than those of Fig. 1
broaden the DA emission band and shift it to higher
energies because of saturation of the transitions
between distant pairs. Therefore, already at an
excitation intensity of about 2 mW/mm' the DA

and BA emission bands merge and are no longer
resolved into two separate bands.

To conclude our remarks on zero stress re-
sults, we note that no Mn-bound exciton could be
observed. The absence of the exciton is a rather
surprising fact, because all other neutral accep-
tors studied in GaAs, including the deep acceptors
Cu' and Sn, "are known to bind excitons.
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IV. STRESS RESULTS
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Figure 2 shows the shift of the Mn DA emission
peak as a function of the applied uniaxial stress.
If we were to assume a complex center of lower
than lattice symmetry we should expect a removal
of the orientational degeneracy" of differently
orientated centers by strain. In this case of lifted
orientational degeneracy the strain split levels
are not on the same center, but on. the contrary
different centers, separated in space, assume dif-
ferent energies. At low and moderate doping
levels the tightly bound hole cannot penetrate the
potential wall separating different centers, there-
fore thermalization is not possible and at least
in some strain directions two or more emission
components would be expected. Because we ob-
serve only one component at each of the three
chosen directions of the strain, we conclude, as
shown below in detail, that the Mn acceptor in
GaAs has lattice symmetry and is presumably a
point defect substituted for a Ga atom.

The strain splitting of point defect acceptors
has been considered by Bir et g/. "BN'
added to the valence band splitting into two bands
with quantum numbers (m~ (

= -,' and ( m~] =-,' a
term quadratic in the stress X. The splitting and

shift of the BA emission energy is given by their
formulas

where

I = w'2 = [a'(s„+2s„)+—8] X,

1=1/2 [s (sll s 2) 2~] X IX

(3)

)100 2 ( 11 12) )

(

(5a)

(5b)

(5c)

a', b', and d' are the deformation potentials of
the acceptor level, the s, &

are elastic compliance
constants, X is the uniaxial stress, Sy is the
linear splitting energy, and q is a constant de-
scribing the quadratic part of the energy shift.
The donor level is expected to follow the conduc-
tion band, " therefore, Eqs. (3) and (4) should also
describe DA emission bands. In our experiments
we observed only one emission component of the
DA transition because the halfwidth of the emis-
sion is larger than kT. Therefore, the higher-
energy m, = + 2 level is already completely depopu-
lated when the stress splitting becomes larger
than the zero-stress halfwidth. " %'ith the elastic
constants for GaAs" we obtain by a fit of theory
to experiment nevertheless all three deformation
potentials g', 5', and d' and the quadratic coeffi-
cient q.

Even though the splitting of the acceptor levels
is not observed directly, it manifests itself as
polarization of the emitted radiation. %e calcu-
lated the polarization of the observed emission
assuming a spherical model for the Mn center,
and unresolved transitions to its strain-split levels.
The parallel and perpendicular polarized intensi-
ties I(w) and I(o) of a ~m~( =-,' to ~m~ ~

=-,' transi-
tion are I(w) =4 and I(o) = l and of a

~ m~ ~

= —,
' to

~m ~ ~

= 2 transition I(w) = 0 and I(o) = 3." With
these intensities we obtain for the observed de-
gree of polarization at a given temperature T
taking into account the thermal population of the
upper level

Mi10

or with another definition of the degree of polariza-
tion

UNIAXIAL STRESS f kg mrn&]

FIG. 2. Shift of the Mn emission (DA) as a function of
uniaxial stress in the three principal crystallographic
directions. The solid lines are obtained by Eq. (4) arith
the deformation potentials and quadratic coefficients
given in Table I. The circles and squares are experi-
mental data.

where SX is the splitting energy of the strain split
levels as given in Eq. (5). Here the (m~ ~

=-,' level
has been assumed to move up under a compressive
strain in accordance with the valence-band split-
ting of GaAs. "

In principle, we have now two independent
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methods to obtain the shear strain deformation
potentials b' and d'. First we may use Eq. (4) in
order to extract them from the shift of the emis-
sion peak (see Fig. 2) and second, we may fit Eq.
(7) to the observed polarization data. The first
method is not very accurate because of two rea-
sons. The acceptor splitting is not observed di-
rectly and therefore the constants 5' and d' are
obtained as relatively small differences between
large numbers. In addition a change of b' and d'
can be compensated within certain limits by an
appropriate change in the quadratic constant q.
The second method yields rather accurate values
of b'/kT and d'/kT How. ever, one does not know
whether the holes on the split acceptor levels are
completely thermalized, therefore only the ratio
h'/d' is obtained accurately. "

In Fig. 3 the experimentally observed polariza-
tion is depicted (circles), as well as the theoreti-
cal result of Eq. (7) fitted with the shear strain
potentials given in Table I and an effective hole
temperature T =15 K. The fit of the experimental
data is satisfactory, especially the limiting value
of the degree of parallel polarization at large
strains is correctly given (60%). In applying Eq.
(7) it was not necessary to include a quadratic

term in the splitting energy S)( of the acceptor
levels.

The observed polarization, as well as the agree-
ment between theory and experiment, lends fur-
ther support to the exclusion of a complex center.
For in the case of nonresolved transitions to com-
plex centers of stress-shifted energies (where
thermalization is not possible) no polarization
would occur. Even assuming possible thermaliza-
tion between different centers there would be no
symmetry of a complex center which would yield
us the same limiting value of the polarization for
all directions of stress. "

In Fig. 2 the circles and squares are again ex-
perimental data and the solid lines correspond to
Eq. (4) with the deformation potentials and quadra-
tic constants given in Table I. Again the fit of the
experimental data is satisfactory. %e note, that
the quadratic shift, necessary to describe the
emission peak shift (Fig. 2), has to be a center
of gravity shift rather than a partly quadratic
strain splitting of the two acceptor levels (see the
polarization results). The deformation potentials
of the Mn acceptor are compared in Table I with
those of the valence ke, nd' and the theoretical po-
tentials for effective mass acceptors in Si and

14

According to effective-mass theory the hydro-
static deformation potentials g' of a shallow ac-
ceptor is equal to the valence-band deformation
potential g." Our results indicate that this is
true even for the relatively deep acceptor Mn,
for our g' is in close agreement with BN's valence-
band deformation potential g = -8.9 eV. However,
the shear strain deformation potentials 5' and d'
are surprisingly small compared with those both
for the valence band and the shallow acceptor mea-
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1.0

b' (eV)
-0.35+ 0.1
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FIG. 3. Degree of parallel polarization of the Mn
emission (DA) as a function of uniaxial stress in the
three principal crystallographic directions. The degree
of polarization is defined as (I)I -I ~)/{I~~~+I~}. The solid
lines correspond to Eq. (7) with the shear-strain deforma-
tion potentials 5' and d' given in Table I and an effective
temperature T =15 K.

Theory
si'

1.0 0.77 0.82

Theory
Ge"

1.0 0.56 0.61

R. ¹ Bhargava and M. I. Nathan, Ref. 3.
G. L. Bir, E. I. Burikov, and G. E. Pikus, Ref. 14.
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sured by BN. Our error limits given in Table I
are not independent. They should be understood
in the sense that a change of one constant may be
compensated by appropriate changes of other con-
stants within the indicated lj.mits.

There are three effects which may reduce the
deformation potentials. The first two are due to
the localization of the hole at the acceptor and the
third is the dynamic Jahn-Teller effect. The wave
function of the bound hole may contain an appre-
ciable admixture of d functions from the Mn core,
which are relatively insensitive to strains in the
surrounding crystal. This effect is estimated to
be unimportant for a state whose binding energy
is only about 100 meV. Further, the wave func-
tion of a strongly localized hole is much more ex-
tended in k space than the wave function of a hole
bound at a shallow center. Therefore, the tightly
bound hole is sensitive to the properties of the
valence band in a larger region of k space sur-
rounding the valence-band maximum and exhibits
a correspondingly smaller strain-induced splitting.
This effect was found by Pikus Bnd Bir"' to pro-
duce a reduction in the deformation potentials for
shallow acceptors in Si and Ge as shown in Table I.
For a deep acceptor, however, the effect is ex-
pected to be larger. A calculation of this effect
for a hole bound to a highly localized potential
has been made by Morgan" and will be published
separately. It shows that the deformation po-
tentials are independent of the depth of the bound
state and, in GaAs, are about 50% of the band-edge

values. The additional reduction by a factor of
about 2.5 observed in the experiments mould,
hence, appear to require the cooperation of a
dynamic Jahn-Teller effect. An isotropic coupling
of medium strength to e and 5 modes" would be
sufficient to explain the smallness of the experi-
mentally observed deformation potentials.

V. CONCLUSIONS

In conclusion, it has been shown that the Mn

acceptor, like shallow acceptors, exhibits clearly
resolved DA and BA emission bands. Unlike
shallower and deeper acceptors, however, the
Mn center shows no bound excition emission. The
latter observation needs still theoretical interpre-
tation. We give a set of deformation potentials
and quadratic shift constants, which explain the
shift of the emission peak, as well as its polariza-
tion under uniaxial stress. The shear strain de-
formation potentials 6' and d' are found to be
much smaller than the corresponding valence-
band deformation potentials. This reduction is
attributed partly to the localization of the Mn-
bound hole with an additional contribution from a
dynamic Jahn-Teller effect. The possibility of a
complex Mn center has been excluded.
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