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The Xa scattered-wave method, in its spin-restricted version, has been used to calculate the electronic states

associated with an ideal gallium vacancy as well as with the following substitutional transition-metal impurities in

gallium arsenide: chromium, manganese, iron, cobalt, nickel, and copper. The gallium vacancy is found to behave as

a simple acceptor with an ionization energy of approximately 0.50 eV. In addition, a level of a, symmetry with

considerable amplitude in the vacancy sphere is found at an energy of approximately 0.75 eV below the valence

edge. The transition-metal impurities can be broken up into two categories, depending on whether or not the 3d
states of the transition metal play an active role in determining the active electronic states of the defect. Those

impurities to the left of (and including) cobalt are found to behave in the "standard" way, as the active impurity

states in the gap have substantial d character and there is clear evidence of bond formation involving the impurity

and the neighboring host ligands. By contrast, nickel and copper appear to behave as simple acceptors in the sense

that the active defect levels have little d character and are rather more characteristic of the broken bonds at the

impurity site. The d states of this latter group appear as "resonances" in the host valence band and play little direct

role in determining the electronic properties of the material. The paper concludes with a discussion of these results

and possible factors that might afFect their validity.

I. INTRODUCTION

Transition-metal impurities in semiconductors
have been the objects of a great deal of study in
recent years because they so often appear as com-
mon contaminants or as deliberately introduced
dopants in these materials. In either case they
tend to behave as deep centers and can significant-
ly affect the electronic properties of the material
involved. While considerable effort has gone into
characterizing the properties of these deep impur. -
ities, the experimental results usually have proved
difficult to interpret because of the uncertainty in-
volved in assigning the observed behavior to a spe-
cific defect center. This is particularly true in
the case of inherently macroscopic electrical mea-
surements such as capacitance, photoconduetivity,
or Hall effect. The analysis is further compli-
cated by the fact that no unified theory of such
deep centers currently exists. As a result, the
microscopic properties of this particular class of
defects, with few exceptions, are still not well
understood.

In an effort to provide some basic theoretical in-
formation which might prove helpful in classifying
and interpreting some of the available data, a se-
ries of cluster calculations of the electronic states
associated with a well-defined set of deep defects,
viz. , neutral, substitutional transition-metal im-
purities from the 3d transition series, have been
carried out~+ for selected semiconductor hosts.
The results of such calculations for deep centers
in silicon have been discussed previously, ' and in

this paper we concentrate on the behavior of the
neutral 3d transition-metal impurities chromium,
manganese, iron, cobalt, nickel, and copper in
gallium arsenide. The general aim of this work is
to give an overview of the qualitative trends in be-
havior exhibited by this particular group of impur-
ities, and a more detailed discussion of the indi-

I

vidual electronic states will be presented else-
where.

The results of the present study are similar to
those obtained for silicon, and many of the con-
clusions reached then are applicable to the pres-
ent case as well. In particular, it is again found
that the customary crystal-field picture, in which
the active impurity levels are assumed to be mod-
i.fied transition-metal d states, is only approxi-
mately valid in those cases where there is a rea-
sonably good energy match between the impurity
d states and the s- and p-like valence levels of the
host. Such is not the case for those impurities
such as nickel, copper, and zinc near the end of
the 3d transition series, and these centers are
more appropriately v'iewed as simple acceptors in
the sense that their active defect states are more
characteristic of the broken bonds at the impurity
site. The d states occur as fairly sharp "reso-
nances" in the host valence band and play no sig-
nificant role in determining the electronic proper-
ties of such defects.

The plan of this paper is as follows. A brief
outline of. some of the calculational details is given
in Sec. II. The results of the various cluster cal-
culations carried out in this investigation are pre-
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sented in Sec. III, while Sec. IV concludes the pa-
per with a discussion of the results and possible
factors that might affect their validity.

II. CALCULATIONAL PROCEDURE

The cluster approach utilizes the strongly lo-
calized nature of the deep-defect perturbation po-
tential and focuses attention on a "molecule" com-
posed of the defect in question plus those neigh-
boring host atoms within the range of the defect
potential. In the present work the electronic
states of such a cluster are calculated using the
scattered-wave formalism of Johnson et al. ,
coupled with the local Xa exchange approximation, 5

and the defect states are obtained directly by
means of comparison to analogous calculations on
an "ideal" cluster without the defect. A major ad-
vantage of the Xo' scattered-wave formalism is
that the calculations can be carried to self-con-
sistency, thereby allowing for the very important
effects of electronic relaxation in the presence of
the impurity. Furthermore, no semiempirical
parameters are required, and the results are es-
sentially "exact" within the constraints of the
muffin-tin and local Xe exchange- approximations.

4.0

The actual calculational procedure is essentially
the same as that used previously. ~ Since avail-
able experimental data all indicate that the transi-
tion-metal impurities are incorporated substitu-
tionally into the gallium arsenide lattice at the
gallium site, the simplest ideal cluster of any use
is formed by surrounding a central gallium atom
by four arsenic nearest neighbors and twelve hy-
drogenlike saturators at the positions of the twelve
next-nearest-neighbor gallium sites (to saturate
the arsenic "dangling" bonds). The various defect
clusters are obtained by replacing the central gal-
lium atom by the appropriate point defect. In all
cases the clusters are surrounded by an outer
Watson sphere with a charge of —3e, where e is
the magnitude of the electronic charge, in order-
to ensure overall charge neutrality of the cluster
as a whole as well as to account for, in a rough
way, the Madelung contribution to the cluster po-
tential due to external host atoms not explicity
considered. For simplicity, all muffin-tin radii
are taken to be equal to one-half the nearest-
neighbor distance in bulk GaAs (2. 31 bohr), and
the same value of n, 0. 706, is used everywhere
except within the various transition-metal impurity
spheres. In the latter cases the appropriate val-
ues of o have been taken from the tables of
Schwarz. 6
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FIG. I. Energy-level spectra of the {a) ideal gallium
arsenide cluster and the defect clusters containing {b)
a gallium vacancy and {c)a substitutional chromium im-
purity. All energies are in eV {see Ref. 7) and are mea-
sured with respect to the cluster valence edge as defined
in the text.

The calculated energy-level spectrum of the
ideal gallium arsenide cluster is shown in Fig.
1(a) and consists of a set of occupied valence
states separated from the empty conduction levels
by a gap of approximately 1.10 eV. The states
are labeled according to the irreducible represen-
tations of the tetrahedral point group, and the
"zero" of energy is taken to be the uppermost oc-
cupied valence state, labeled 1tq in Fig. 1(a).
Since this state is clearly a bulk state and appears
virtually unchanged in all of the clusters consid-
ered in the present investigation, it will be taken
as a reference to define the "valence-band edge"
of the gallium arsenide cluster. When comparing
energy spectra for different defects in gallium
arsenide, the corresponding 1t& cluster levels will
be aligned with that of the ideal cluster, and all
energies will then be measured with respect to
this reference.

When discussing the electronic states of impuri-
ties in semiconductors, it is often useful to think
of impurity formation as a two-step procedure:
creation of a host vacancy, followed by. placement
of the impurity atom at the vacancy site. In the
present case the appropriate first step of this pro-
cedure would correspond to the removal of the
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central gallium atom from the ideal cluster, and
the energy-level spectrum associated with the re-
sulting vacancy cluster is shown in Fig. 1(b).

The main qualitative difference between the
spectra of Figs. 1(a) and 1(b) is the strong upward
shift in energy of the 2a& and 2t& levels that occurs
with the removal of the central gallium atom. In
the ideal case these states are associated with
bonds formed between the central gallium atoms
and its four arsenic neighbors, but they become
nonbonding in character as these bonds are broken
during the creation of the vacancy. The fully oc-
cupied 2a~ level of Fig. 1(b), which lies approxi-
mately 0. V5 eV below the valence edge, has a sig-
nificant amount (30%) of s-like charge localized
within the vacancy muffin-tin sphere and can be
interpreted as a resonance in the host valence
band. The 2t& level is pushed up out of the cluster
valence band all the way into the band gap, approx-
imately 0. 50 eV above the valence edge, and can
be thought of as a simple acceptor level associated
with the broken bonds at the vacancy site. Since
three electrons must be subtracted from the clus-
ter because of the removal of the neutral gallium
atom, this state is only partially occupied with
three electrons in Fig. 1(b), and one might expect
a Jahn- Teller distortion to occur. Such a possi-
bility is neglected in the present work, as there
are no detailed experimental data available which
might allow one to form a microscopic model for
the relaxation. Nevertheless, the calculated posi-
tion of the 2t& level is in reasonably good agree-
ment with those data which do exist, indicating
that any such Jahn- Teller effects are probably
small. The present calculated energy level of the
gallium vacancy is also in good agreement with the
recent theoretical calculations of -Daw and Smith, '
who used the Green's-function method of Koster
and Slater '0"

The next step in the procedure corresponds to
placing a neutral transition-metal impurity at the
vacancy site in the center of the cluster and re-
peating the calculation. This step has been appl'ied
separately to each of the following impurities from
the 3d transition series: chromium, manganese,
iron, cobalt, nickel, and copper. In each case
one finds that additional states with substantial d
character and either e or f& symmetry are intro-
duced into the cluster spectrum. These additional
states are related to the atomic d states of the
transition-metal impurity which have been split
by the tetrahedral field of the neighboring host
atoms. The extent to which these crystal-field-
split d states interact with the neighboring ligands
varies as one goes along the 3d row from chromium
and copper, and this variation is found to have a
profound effect on the nature of the active impurity

states that are associated with these deep centers.
Consider first the case' of a neutral chromium

impurity in gallium arsenide. Although this ex-
ample has already been discussed elsewhere,
many of the qualitative features of the problem
are typical of those found for other members of
the 3d transition series, and a summary of some
of the more pertinent results will be presented
here so that they may be used as a guide in the
following discussions.

The energy-level spectrum of the chromium
cluster is shown in Fig. 1(c). Comparison to

Fig. 1(b) indicates that the 2t& acceptor level as-
sociated with the broken bonds is no longer pres-
ent in the gap but has been pushed back down

among the valence states of the cluster, as in the

ideal case. Furthermore, one observes additional
levels of e and t& symmetry [labeled de and

dt's

in
Fig. 1(c)]within the host band gap. Inspection of
the charge distributions of the individual cluster
states shows that the de level, which is only par-
tially occupied (with three electrons) in the case
of aneutral chromium impurity, is largely chromium
d-like and can be associated with the e-symmetric
component of the crystal-field-split atomic P states
of chromium. The dt f and 2t, levels of Fig. 1(c)also
show a significant admixture of chromium d char-
acter (25 —30%), while the 2aq level has a sub-
stantial amount of chromium s character.

A logical interpretation of these results is that
the 4s and t, symmetric component of the 3d states
of chromium interact with the neighboring arsenic
ligands to reform the broken bonds at the impurity
site, and the 2t, and dt's states of Fig. 1(c) repre-
sent the bonding and antibonding combinations, re-
spectively, that result from the interactions be-
tween the t& symmetric states of the impurity and
the arsenic ligands. Three of the six chromium
electrons are involved in the bond formation, and
the remaining three go into a strongly d-like im-
purity level [de in Fig. 1(c)] in the gap, located
approximately 0. 95 eV above the cluster valence
edge. This description is very close to the stan-
dard model of a substitutional transition-metal
impurity in a semiconductor put forth by Ludwig
and Woodbury'~ based on their electron para. mag-
netic resonance (EPR) studies of such defects in
silicon.

If chromium is now replaced by other members
of the 3d transition series, the schematic results
shown in Fig. 2 are obtained. For clarity, the
uninteresting "bulk*' levels of the various defect
clusters (which do not vary significantly as one
changes impurities) have been omitted, and only
those states which have more than 10% d character
or which reside within the cluster band gap (i. e. ,
between the 1t, and 3a& levels) are shown explicit-
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FIG. 2. Impurity-related energy levels calculated for the various neutral transition-metal impurities considered in
this work. All energies are in eV (see Ref. 7) and are measured from the cluster valence edge, denoted by E„in the
figure (see text). Those states associated with the impurity d states have the fraction of such character shown adjacent
to the corresponding level.

ly. In the former case the fraction of d character
of each such state, obtained by performing a par-
tial-wave analysis of the corresponding orbital
charge distribution, is shown adjacent to the level,
while Table I contains a listing of the energies
(and occupancies) of those states within the band
gap. As before, all energies are measured with
respect to the cluster valence edge defined pre-
viously.

Also shown in Table I is a representative sam-
pling of the experimentally observed energy lev-
els' 2 associated with samples of gallium arsen-
ide containing these 3d impurities. One should be
cautioned that the quoted results are generally
"extracted" from electrical measurements and that
the microscopic nature of the associated defect is
often unknown. Therefore, it is not always appro-
priate to compare directly the theoretical and

experimental values shown in Table I. Neverthe-
less, they are both listed for completeness as
well as for use in later discussion.

As one proceeds across the Sd row of the Period-
ic Table from chromium toward copper, the tran-
sition-metal d states move down in energy with re-
spect to the s-p bands of the host, and this be-
havior is reflected in the spectra of Fig. 2. The
d-like de state found in the host band gap in the
case of chromium, for example, becomes fully
occupied and moves down through the gap and into
the valence levels of the host as one goes from
manganese to copper in the 3d series. As this
state approaches the valence band the fraction of
d character decreases while the amount of d ad-
mixture in the e-like valence level [corresponding
to the 1e level of Fig. 1(a)] increases, indicating
an increasingly stronger interaction between the
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TABLE I. Summary of active defect levels. Symmetries and energies of the defect levels
associated with the various deep centers considered in this work. All energies are expressed
in eV and are measured from the cluster valence edge (see text).

Defect State
Calculated

energy (eV)
Expt.

energy (eV) Reference

Cr
Mn

Co
Ni
Cu

VGa

d8
d8
dt*
d8
dt&

dt&

2t2
212
2t2

0.95
0.72
1.29
0.37
1.14
0.94
0.68
0.38
0.50

0.80, 0.90
0.09, 0.11

0.52

0.16, 0.56
0.21, 0.43, 0.53
0.15, 0.44
0.35, 0.50

13,14, 22
15,16, 19,29

13,14

14-16,18, 19,21
13-16,19,20
14,17
8

impurity and the m states of the neighboring host
ligands.

Once this state is within the valence band, the
pattern reverses and the fraction of d character
increases strongly as the impurity level moves
down deeper into the valence states and away from
the bulk 1e level. At the same time the d admix-
ture of the bulk level decreases. %hen the impur-
ity de state is more than about 2 eV or so below
the valence-band edge, as in the case of nickel and

copper, the bulk le level has little or no d charac-
ter and the lower-lying impurity-related de state
is almost purely d-like. This la, tter state then has
the character of an atomic d-like resonance among
the s-p valence states of the host.

A similar yattern is observed in the case of the
t&-symmetric impurity-related states. As one
proceeds from manganese to cobalt, the admixture
of d character into the 2t2 level increases while
the dt*, state becomes occupied and is pulled down

deeper into the host band gay. However, as the
barycenter of the transition-metal d states moves
down into the valence band, as in the examples of
the nickel and copper defect clusters, the interac-
tion with the neighboring ligands decreases sharp-
ly. The d admixture in the 2t2 level becomes neg-
ligible, and this state is pushed up in energy into
the gap. At the same time, the dt,* level disap-
pears and one finds a strongly d-like dt, state
among the occupied bulk states of the cluster. In
fact, the defect spectra of both the nickel and cop-
per clusters are very similar to the vacancy
spectrum of Fig. 1(c), except for the addition of
the pair of d-like de and dt2 levels within the oc-
cupied valence states of the cluster spectrum.
The t&-symmetric defect level within the cluster
band gap has little or no d character, and the
nickel and copper d states appear as d-like reso-
nances among the bulk valence levels.

This behavior contrasts sharply with that ob-
tained for the standard transition-metal impurity,

using chromium as a typical example, and does
not fit the usual Ludwig and %oodbury model~ at
all. A more logical interpretation of the present
results is the picture of an isolated (or weakly in-
teracting) impurity atom at a gallium vacancy site
in the lattice, with the active defect levels in the
host band gap being associated with the broken
bonds at the impurity site rather than with the im-
purity atom itself.

IV. DISCUSSION AND CONCLUSIONS

It has cus tomarily been assumed that the active
impurity states of all transition-metal impurities
in semiconductors such as gallium arsenide are
essentially atomiclike d states that have been
modified somewhat, due to interactions with the
neighboring host atoms. The present investiga-
tions indicate that this picture is not quite univer-
sal, and one should be able to observe at least two
different types of limiting behavior depending on
whether or not the 3d states of the transition metal
play an active role in determining the na, ture of the
electronic states in the host band gay.

Those transition-metal impurities to the left of
cobalt in the 3d row of the Periodic Table do appear
to behave qualitatively in the standard way, using
chromium in gallium arsenide as a typical exam-
ple. The cluster states show clear evidence of
bond formation involving the transition-metal im-
purity and the host ligands, and the active impurity
states are characterized by substantial d charac-
ter, which decreases with increasing Z from
chromium to cobalt.

This picture begins to break down for cobalt, and
by the time one reaches nickel and copper one ob-
serves that the active impurity levels exhibit little
or no d character and there is no evidence of any
significant o' bonding involving the impurity and
host. Instead, the transition-metal d states show
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up as resonances in the cluster valence band and

play no crucial role in determining the electronic
properties of the defect. The latter are deter-
mined rather by the broken bonds at the impurity
site, much as in the case of a gallium vacancy.

Impurities of the first type are usually labeled
as "complex" because their electronic properties
are of ten dominated by multielectron effects~' ~6

which cannot be described correctly within the
one-electron approximation. ~ Their lumines-
cence and optical syectra, for example, generally
are dominated by sharp structure which can be
associated with d-d intracenter transitions, and
they invariably exhibit a "Hund-rule" ground state
with a maximum number of unpaired spins. Be-
cause of the localized nature of the d-like impurity
states, intracenter electron-electron interactions
involving the impurity electrons become impor-
tant, and the one-electron defect spectrum must
be replaced by a multielectron multiplet spectrum,
as in the case of a free atom or ion. Such multi-
ylet states are clearly outside the domain of va-
lidity of the spin-restricted, one-electron for-
malism employed here, and it is for this reason
that little emphasis has been placed on the numeri-
cal details of the one-electron defect levels so
calculated. Such multielectron effects are partic-
ularly important in the cases of those impurities,
such as Mn2, which have the 3d configuration,
corresponding to a half-filled shell. The multi-
electron interactions in such cases are so domi-
nant as to make conclusions based on a one-elec-
tron calculation virtually meaningless.

Crystal-field theory, 2' which assumes that the
defect states are basically atomic d multiplets
which have been split by electrostatic interactions
with the surrounding host atoms, has traditionally
been used' ' to describe the electronic spectra
of such complex impurities. The present results
suggest that any such attempt must take into ac-
count the strong covalent bonding between the im-
purity and the host in order to prove effective.
This is generally done by fitting several lower-
lying multiylet states to available experimental
data, ' thereby implicitly including such co-
valent effects in the values of the crystal-field
parameters so derived. In the case of the 3d
transition-metal impurities in gallium arsenide,
however, sufficient data for this purpose are al-
most never available and the crystal-field ap-
proach has been useful mainly for attaching labels
to empirical energy levels which have been pro-
yosed to interpret some of the existing data.

Another method, which can be used to calculate
a defect multiplet spectrum analogous to that ob-
tained from crystal-field theory without the need
of such experimental information, has been. yro-

I

posed elsewhere~ and tested on chromium in gal-
lium arsenide, again chosen as a prototype exam-
ple of the standard complex type of impurity. This
approach uses the results of spin-restricted one-
electron cluster calculations such as those report-
ed here to calculate explicitly the necessary cova-
lent corrections to the atomic crystal-field pa-
rameters and was found (in the case of chromium)
to give a satisfactory description of both the cor-
rect multielectron ground state and the sharp
structure observed in the luminescence and optical
spectra. Neither of these features is correctly
described by the one-electron cluster calculations
presented in this paper. As there is nothing spe-
cial about the choice of chromium for this applica-
tion, it is expected that the approach should be
applicable to the other complex impurities as
well.

Manganese is an extreme example of the impor-
tance of such multielectron interactions within this
complex group of impurities. The experimentally
observed behavior of manganese in gallium arsen-
ide~a would appear to contradict the qualitative
trend reported here. Its luminescence spectrum
shows no sharp structure associated with d-d
transitions, and EPR measurements indicate an
isolated point defect on a gallium site in the lat-
tice. Moreover, the associated acceptor level is
relatively shallow, being located only about 0. 11
eV above the valence-band edge. This behavior is
quite different from that observed for chromium
and iron, which bracket manganese in the Periodic
Table, and would not be expected on the basis of
the calculations of the previous section.

This discrepancy between the observed and the
predicted behavior of manganese can be attributed
to the lack of a proper treatment of the especially
strong intracenter electron-electron interactions
associated with the 3d~ configuration of Mn. If one
uses the method of Refs. 2 and 3 to incorporate
such interactions, one finds that the ground-state
multiplet of manganese is the A& level, a result
which is in excellent agreement with the EPR data.
Further, one would not expect to observe promi-
nent d-d transitions in the luminescence spectrum
because there are no spin-allowed transitions
from this 6Aq ground state to any other multiplet
levels of the 3ds configuration. Finally, the ener-
gy of the 6A& ground state can be as much as an
electron volt lower in energy than the average en-
ergy of the (de)4dtf configuration. This implies
that the hole ionization energy of the manganese
acceptor would be correspondingly less than one
would estimate by taking merely the energy separ-
ation of the aV& level from the valence edge, there-
by reducing the calculated value of the ionization.
energy of manganese from something in excess of
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one eV to just a few tenths of an eV, in qualitative
agreement with the observed trend.

By contrast, the active defect levels of nickel
and copper (and presumably zinc) show little or no
d character, and these impurities can be expected
to behave as simple acceptors in the sense that
multielectron effects should not be too important.
The acceptor level calculated for copper, for ex-
ample, appears to be in good agreement with
available photoconductivity data, " and its optical
and luminescence spectra show little evidence of
the sharp structure associated with d-d intracen-
ter transitions. The seemingly anomalous be-
havior of copper compared to other standard tran-
sition-metal impurities such as chromium and
iron in gallium arsenide has long been a source of
puzzlement to workers in the field, but it appears
that this behavior is simply a result of the fact
that the copper d levels lie too low in energy, with
respect to the sp states of the host, to make bond-

ing between the two energetically advantageous.
The defect states are not associated with the cop-
per d levels and, therefore, simply cannot be de-
scribed within the context of crystal-field theory.
Similar simple behavior should also be observed
in the cases of nickel and zinc.

The behavior of the substitutional 3d transition-
metal impurities in gallium arsenide described
here is similar to the pattern observed previously
in silicon, and the controlling reasons appear to be
the same in both cases. Since the argument is
simply one of the energy match (or mismatch) be-
tween the transition-metal d states and the sp va-
lence states of the host, it should be applicable to
the 3d transition-metal impurities in other semi-
conductor hosts such as gallium phosphide and in-
dium phosphide as well, and similar patterns of
behavior would be expected.

Before closing it should be noted that several
major approximations have been made in perform-
ing the one-electron calculations described here,
and their possible effects on the conclusions
reached will now be briefly discussed. First of
all, lattice relation of the neighboring host atoms
about the various defects has been neglected in
these investigations. Such distortions undoubtedly
occur in many of the cases considered here, but
only rarely"' are there enough data available to
provide a microscopic model of the relaxation.
While the neglect of such effects might have a sig-
nificant impact on the quantitative details of the
electronic properties calculated for the unrelaxed
case, they are not expected to alter the major
qualitative features or trends discussed in this
work. At any rate, treatment of such effects must
await either better and more detailed experimental
data or an effective theoretical program for cal-

culating accurate distortion geometries.
The use of a muffin-tin approximation to the

cluster potential can be another source of error in
the present calculations. The replacement of the
correct potential by a constant value (its volume
average) in the interstitial region would appear to
be a rather severe approximation in the case of
open tetrahedral systems with directional bonding
and can indeed lead to significant errors in the
band structure of the host material, especially in
the case of the more extended conduction states.
However, localized defect-states have only a rela-
tively small probability of being in the interstitial
region, and one might expect that their energy
levels should not be greatly affected by such an
approximation.

Detailed calculations have shown that the muffin-
tin errors arise primarily from that part of the
interstitial region which lies immediately outside
the atomic spheres, and that considerable im-
provement in results can be obtained by using the
method of overlapping spheres. In this approach
one increases the muffin-tin radii slightly, thereby
overlapping the spheres and reducing the effec tive
volume of the interstitial region. This not only
places more of the charge in physically realistic
regions, but it also removes that part of the inter-
stitial region which contributes most of the error.
This approach has been applied with great success
to such large, open, and loosely coordinated sys-
tems as tetracyanoquinodimethane (TCNQ), where
the intersphere volume is almost thirty times as
large as the sum of the atomic sphere volumes,
and so it should be applicable to the present case
as well, where this ratio is close to 4:1.

Consequently, cluster calculations using over-
lapping spheres have been carried out for the ideal
gallium arsenide cluster as well as for defect clus-

terss

containing substitutional nickel and copper im-
purities. No attempt has been made to choose opti-
mal values of the overlapping sphere radii, but rather
each nonoverlapping radius has been increased
until the volume of the corresponding sphere is
doubled. This corresponds to a radial increase
of approximately 25% over the nonoverlapping val-
ue, and it is a general rule of thumb that such an
increase usually tends to give most of the correc-
tion that is to be obtained from this approach.

The resulting energy spectra for the ideal clus-
ter and the defect cluster containing a substitution-
al nickel impurity are both shown in Fig. 3, along
with the corresponding spectra obtained using non-
overlapping spheres. Again, all 1tq cluster levels
are aligned for comparison, and all energies are
measured with respect to this reference.

Comparison of the cluster charge distributions
with and without overlap shows that almost 90%%u&& of
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virtually unchanged, varying only from E„+0. 68
eV to E,+0.67 eV. Because of the upward shift
of the nickel d states with respect to the s- and p-
like bulk states, the percentage of d character of
the 2t~ level does increase from 11% to almost
30%, indicating a somewhat stronger interaction
between the impurity and the host lattice, but this
state is still primarily nonbonding in character
and there is little evidence of actual v-bond for-
mation involving the nickel d states.

A similar result is obtained for copper: the
position of the 2t2 acceptor level varies from 0. 38
to 0.44 eV above the cluster valence edge as the
volume of the muffin-tin spheres is doubled. The
d states of copper are pushed up by over 2 eV
higher into the valence band, resulting in an in-
crease of d character in the 2t2 level from almost
zero to approximately 18%, but again there is lit-
tle evidence of actual bond formation. One would
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still expect nickel and copper to behave primarily
as simple acceptors, and the relatively small
shifts in the energies of the acceptor levels indi-
cate that the muffin-tin approximation gives an .

adequate qualitative description of the rather lo-
calized defect states.

Similar considerations apply to questions of
cluster size and/or choice of boundary conditions.
While such factors may strongly affect the host

FIG. 3. Comparison of the energy spectra obtained
using both overlapping and nonoverlapping spheres for
(a) the ideal gallium arsenide cluster and (b) the defect
cluster containing a substitutional nickel impurity. All
energies are in eV (see Ref. 7) and are measured from
the cluster valence edge, denoted by E„in the figure (see
text).

the interstitial charge is removed when the atomic
sphere volumes are doubled. Since doubling the
size of each individual sphere only decreases the
intersphere volume from V8 to 64% of the total
cluster volume, this drastic reduction in the in-
terstitial charge clearly indicates that most of the
charge was concentrated immediately outside the
atomic sphere regions in the nonoverlapping case,
particularly along the bonding directions.

Inspection of the energy spectra shown in Fig. 3
indicates that both the d-like states and those host
levels associated with o bonding (and antibonding)
between the central atom and its four nearest
neighbors are strongly affected by the overlap.
The energy gap of the ideal cluster increases from
1.1 to 1.7 eV as the sphere radii are increased by
approximately 25%, and the d-like de and dt2 lev-
els of nickel are pushed uy by a similar amount.
The position of the 2t2-like acceptor level associ-
ated with the nickel impurity, however, remains

spectrum, the short-ranged impurity-host inter-
-actions are only weakly influenced by such changes
at the cluster periphery, and such perturbations
should result in only modest shifts in the calculat-
ed positions of the defect levels. For example,
unpublished calculations by the present author
show that the value of the t&-like acceptor level
associated with a silicon vacancy~ varies by less
than 0;10 eV as one increases the size of the de-
fect cluster from seventeen to seventy-two atoms,
and similar results can be expected for gallium
arsenide.

Corrections of roughly the same magnitude can
also be associated with changes in cluster bound-
ary conditions, as evidenced by the very recent
investigations of Fazzio, Leite, and De Siqueira,
who have used the Xo scattered-wave cluster
method to investigate the properties of lattice va-
cancies and copper and selenium impurities in
gallium arsenide. They, too, use a seventeen-
atom cluster to represent the defect-host system,
but they leave the host gallium atoms at the twelve
next-nearest-neighbor sites instead of replacing
them by hydrogenlike saturators. This procedure
introduces dangling bond states associated with the
gallium atoms at the cluster surface, but these
states are not occupied as the calculations are
carried to self-consistency. Instead, the associ-
ated electrons are placed at the surface of the
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Watson sphere, resulting in a charge of -27e on
the Watson sphere. While the cluster calculations
of Fazzio et al. show significant differences in the
host spectrum when compared to the present stud-
ies (the ideal energy gap is calculated to be 1.92
eV instead of 1.10 eV, for example), the qualita-
tive features of the defect states of both the gallium
vacancy and the substitutional copper impurity are
very similar to those obtained here, and the posi-
tions of the corresponding acceptor levels are in
excellent agreement in both cases (again differing
by less than 0. 10 eV).

A potentially more serious approximation is the
use of a local density formalism (LDF) for ex-
change and correlation (the Xo exchange approxi-
mation) in the present calculations. While the
LDF has been applied to a wide variety of mole-
cules and solids and seems to yield excellent re-
sults for ground-state properties such as cohesive
energies, equilibrium lattice spacing, and/or bond
lengths, etc. , generally one cannot identify the
associated one-electron eigenvalues with the actual
elementary excitations of the system, even though
this is commonly done. Even when appropriate
transition-state procedures are followed, one often
finds, for example, that atomic eigenvalues may
be in error by as much as 15-25% as compared
to observed ionization photoelectron spectra, 2

and band gaps in semiconductors and insulators
are often calculated to be too small by 25—40%.
Of particular consequence in the context of the
present calculations is the tendency of the LDF to
underestimate the s-d transfer energies in atoms
of the 3d transition series and to position the d
states incorrectly with respect to the s- and p-like
conduction-band states of bulk transition metals.

The major source of these difficulties seems to
be the noncancellation of the Coulomb and exchange
self-interaction (SI) terms in the LDF. While
such unphysical interactions are explicitly can-
celed in the Hartree-Fock approximation, such is
not the case when one uses a local density approx-
imation for exchange. The spurious SI terms are
different for each single-particle orbital involved
in the LDF, and their importance varies roughly
with the localization of the state involved, being
negligible for very diffuse states and rather sub-
stantial for more localized states such as the d
states of the transition metals. The overall effect
of including such SI terms in the LDF is to under-
estimate the exchange contribution to the potential
for those states which show some degree of local-
ization, ' thus leading to higher one-electron

eigenvalues for such states.
In atoms, such SI errors are found to be particu-

larly large for the 3d states of the transition met-
als from the 3d row of the Periodic Table." In the
context of the present cluster calculations this
suggests that the eigenvalues of the localized a-
like states associated with the transition-metal
impurities are probably placed too high in energy
with respect to the s- and p-like states of the host,
although it is impossible to guess at the magnitude
of the errors involved without doing a careful cal-
culation. Nevertheless, such errors should not
affect the trends described earlier, as they would
imply an even greater mismatch between the d
states of nickel and copper, for example, and the
broken bond levels associated with nonbonding
combinations of the neighboring arsenic 4s and 4p
states. Moreover, one could speculate that self-
interaction corrections would tend to shift all of
the active transition-metal defect levels down in
energy with respect to the valence edge, which
would be more in agreement with experimental
trends (see Table I). Much detailed analysis re-
mains to be carried out before such conjecture
can be taken seriously, however.

In conclusion, the purpose of these studies has
been to present a systematic overview of the elec-
tronic properties of a well-defined class of deep
centers: substitutional 3d transition- metal impur-
ities in ideal gallium arsenide. The advantage of
such theoretical investigations is that there is no
uncertainty in the nature of the particular defects
involved, and hence no difficulty in relating the
calculated properties to a particular microscopic
state of the impurity. Despite the various approx-
imations made in these calculations, it is expected
that the qualitative conclusions obtained will re-
main valid as long as the single-electron approxi-
mation itself holds up, and it is hoped that these
qualitative features will prove to be of some help
to those workers attempting to unravel the many
and varied experimental data currently available.
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