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Ab initio total-energy calculations are presented for intrinsic defects in GaAs with a particular emphasis on
hyperfine interactions in order to clarify the atomic structure of the various Asg,-related defects. For the
Asga-X, defect complex the interpretation as an Asg,-V ¢ antisite-vacancy pair as was considered so far is
challenged. An Asg,-Ga,, antistructure pair is the most likely identification. It is also unlikely that the
Asg,-X; defect can be identified as a distant antistructure pair as was considered from magnetic resonance
experiments. The theoretical results obtained for the isolated Asg, point defect agree with the experimental
data reported for the defect identified as isolated Asg, and, with the exception of a small broadening of the
nearest-neighbor lines and of a moderate splitting in the fifth shell, for the EL2 as well. We speculate that at
room temperature the EL2 will be an isolated Asg, defect which lowers its symmetry attracting some other
mobile defect at the low temperatures required to perform magnetic resonance experiments. We have calcu-
lated the binding energies of antisites bound to a distant shallow acceptor and the influence of the pairing on
the hyperfine interactions. We show that this mechanism could explain the broadening of the nearest-neighbor

lines but not the splitting in the fifth shell.
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I. INTRODUCTION

The microscopic structure of the EL2 defect, the defect
that determines the position of the Fermi level in semiinsu-
lating GaAs, is still controversial (for a recent review, see
Ref. 1).

Experimentally, at least four different Asg,-related defects
have been detected by optically detected magnetic resonance
(ODMR) and optically detected electron-nuclear double
resonance (ODENDOR), identified as the EL2 defect, the
isolated Asg, antisite, and the Asg,-X; and Asg,-X; pair de-
fects. The hyperfine (hf) interactions for the isolated Asg,,
the Asg,-X;, and the EL2 are almost identical, whereas for
the Asg,-X, pair the hf interactions are distinctly different.

The most interesting aspect of the members of the family
of Asg,-related defects is the metastability. Theoretical ab
initio calculations®® have shown that a large lattice relax-
ation of the Asg, antisite is responsible for the defect meta-
stability. Since in the metastable state the defect has been
considered to be almost not observable, little theoretical ef-
fort has been spent to discriminate the metastable states of
the different Asg,related defects. Recently, Chadi* has
shown that the isolated Asg, in its metastable state, the
EL2M state, can have four different charge states, including
two paramagnetic states.

The discrimination of the different Asg,-related defects is
difficult, because in GaAs all the host nuclei are paramag-
netic: For Ga there are two isotopes (“Ga with 60.1% natu-
ral abundance has /=3/2 and a nuclear g factor of 1.344 39,
7'Ga with natural abundance of 39.9%, also with /=3/2 and
a nuclear g factor of 1.708 18) while for As the BAs nucleus,
also with /=3/2 has 100% natural abundance and a nuclear g
factor of 0.959 647. Since the host nuclei are all paramag-
netic and the gyromagnetic ratios are not small, the linewidth
of the electron paramagnetic resonance (EPR) is large.
Therefore the EPR spectrum of the Asg,-related defects

1098-0121/2005/72(11)/115205(10)/$23.00

115205-1

PACS number(s): 71.15.Mb, 71.55.Eq, 76.30.Lh

shows just four lines from the hf interaction with the central
75ASGa nucleus with /=3/2. More details are obtained from
ODENDOR, but in all cases only the hf interaction with the
central nucleus and the superhyperfine (shf) interactions with
a few shells of neighbors can be resolved. The determination
of the symmetry of these shells and the number of equivalent
nuclei in a given shell is not always unequivocal.

While, with the exception of the Asg,-X, pair, the hf and
shf interactions of these defects are very similar, the distinc-
tion between the different Asg,-related defects has been
made primarily on the basis of the magnetic circular discro-
ism of the absorption (MCDA).' The defect with an MCDA
spectrum that is similar to the derivativelike structure ex-
pected for the optical transition between an A; ground state
and a T, excited state of a tetrahedral impurity was identified
to be the isolated tetrahedral Asg,.>°® For this defect the EPR
linewidth was somewhat smaller than for the other defects,
which also show MCDA spectra that are more complex, as
would be expected for a defect of lower symmetry.'

This, however, appears to be in conflict with the thermal
stability of the defects: the isolated Asg, defect is obtained
by low-temperature electron irradiation of semi-insulating
GaAs and disappears at room temperature,” when in electron
irradiated material the Asg,-X| defect is observed. Finally, at
T=520 K the Asg,-X; defect disappears and the EL2 is
dominant. This latter defect is quite stable, and it is the domi-
nant defect in undoped liquid encapsulated Czochralski
(LEC) crystals in a rather wide stoichiometric range
0.48<[As]/([As]+[Ga]) <0.53.3° The EL2 can be elimi-
nated by a rapid quench from 1100 °C,'° and is recovered by
annealing the sample above 750 °C. If the EL2 is not the
isolated antisite but some pair or complex with some other
partner(s), its thermal stability indicates a strong binding to
these partners while its paramagnetic properties strongly sug-
gest the EL2 to be a nearly tetrahedral defect, for which the
magnetization density is slightly disturbed in distant ligand
shells only.
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While we cannot solve this puzzle, we present in this
paper ab initio calculations for several model systems con-
sisting of one Asg, antisite with other intrinsic defects, with
a particular emphasis on the hf interactions. For the isolated
antisite in its paramagnetic state we obtain a small
symmetry-conserving relaxation only, in agreement with all
computational results presented so far. Since the hf data ob-
tained theoretically for this defect agree well with the experi-
mental data, we conclude that for all Asg,-related defects the
relaxation is small, as otherwise the hf interactions would not
show such a striking similarity. While we find a different
identification for the Asg,-X, defect, an identification of the
Asg,-X defect and also of the EL2 cannot be presented. We
show that a distant pair could account for the deviations of
the hf interactions from those of the isolated Asg, defect, but
this pair cannot be identified with the EL2, nor with the
Asg,-X;. Finally we consider pairing of the Asg, antisite
with distant shallow acceptors, Zng, and C,,.

II. COMPUTATION

Our total-energy Green’s-function calculations make use
of the linear muffin-tin orbital method in the atomic-spheres
approximation (LMTO-ASA),!! treating many-body effects
within the local spin-density approximation of the density-
functional theory (LSDA-DFT). For most calculations the
band gap was corrected using the scissors operator technique
(see e.g., Ref. 12). In our calculations, a perturbed region
consisting of 29 atomic spheres (and 31 “empty spheres” to
fill the space without undue overlap of the spheres) was em-
bedded into an otherwise perfect infinite crystal. For isolated
tetrahedral point defects a symmetry-conserving relaxation
of the nearest neighbors was included to determine the lattice
relaxation from the minimum of the total energy. Since our
approach makes use of the ASA, its results are less reliable
for lattice relaxations which exceed about 20% of a nearest-
neighbor distance. For the paramagnetic states of the isolated
intrinsic point defects the relaxations turned out to be small.
We therefore have approximated the lattice relaxations for
the pairs by the relaxations obtained for the isolated constitu-
ents. Pair binding energies are calculated from a comparison
of the total energies of the constituents of the pair with the
total energy of the pair itself. From the calculated magneti-
zation densities the hf interactions have been calculated as
described in Ref. 12.

III. RESULTS
A. Isolated Asg, point defect

For the neutral isolated As%,, point defect we find a mini-
mum of the total energy if the distance to the nearest-
neighbors is increased by 4.7% with respect to the nearest-
neighbor distance in the unperturbed crystal. The energy
gained by this relaxation is 0.32 eV. A similar relaxation
(4.0%, 0.33 eV energy gain) was reported by Dabrowski and
Scheffler? for a 54 atom supercell calculation. For the defect
in the singly positive charge state the relaxation reduces to
3% (1.4% for the double positive charge state). For the re-
laxed defects the calculated charge transition energies are
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FIG. 1. (Color online) Contour plot of the magnetization density

for the isolated Asg,” antisite in a ( 110) plane in GaAs. The left
panel shows the contribution of the gap state to the magnetization,
the right part gives the total magnetization density. The Ga (As)
lattice sites are at the lower (upper) side of the zigzag chain of
nearest-neighbor bonds, respectively.

As(1,1,3)

E**=E, +0.98 eV and E**=E,+1.18 eV, if the band gap is
adjusted to the experimental value by the scissors operator
(without this adjustment, the charge transition energies
would be E,+0.37 eV and E,+0.55 eV, respectively). These
values are somewhat smaller than the results (1.25 and 1.5
eV, respectively) obtained by Baraff and Schliiter'® and by
Delerue.'* Note that these energies are significantly different
from the charge transition energies (E,+0.54 eV and
E,+0.75 eV, respectively) determined by Elliot ef al. for the
EL2.15

The effective potential of the Asg, antisite is more attrac-
tive than that of the Ga lattice site. Therefore a gap state
appears which transforms according to the a, irreducible rep-
resentation of the group 7. For the twofold positive charge
state of the antisite this state is unoccupied. The magnetiza-
tion density for the paramagnetic Asg,* charge state shown
in Fig. 1 is predominantly due to this gap state. The magne-
tization density is concentrated on the antisite, where it is s
like, and its four nearest neighbors where it is predominantly
p like. Similar to the case of elemental semiconductors,'® the
magnetization density is rather small at the (2, 2, 0) and

(1,1,3) neighbors, but again much larger at the more distant
(3, 3, 1) neighbor. A comparison of the calculated hf interac-
tions with experimental data reported by Krambock et al.®
shows a close agreement already for the interactions that had
been calculated without taking into account a lattice relax-
ation (see Table 8.9 of Ref. 12). The agreement is substan-
tially improved if the lattice relaxation is included (see Table
I). Note, however, that the agreement of the calculated data
for the isolated Asg," compared with experimental data for
the EL2, e.g., is similar. In Table I we have listed the calcu-
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TABLE 1. Comparison of the experimental® hf and shf interac-
tion data (in MHz) with calculated results for the 3% outward re-

laxed isolated AsGa+ antisite in GaAs.

Ligand alh Aexpt! h blh Dexpt! h
PAsg," 28720 2650.0

BAs(1,1,1) 171.2 169.3 46.7 53.2
“Ga(2,2,0) 3.93 0.99

As(1,1,3) 0.05 -0.20

Ga(4,0,0) 2.57 0.10

BAs(3,3,1) 223 215 4.15 2.2
“Ga(4,2,2) -0.95 -0.02

5As(3,3,3) -0.12 0.02

lated hf interactions with many shells of neighbors to dem-
onstrate that there are larger interactions with the first and the
fifth shell of neighbors only, whereas the shf interactions
with all other shells are much smaller. In particular there are
no larger interactions with the Ga nuclei, in agreement with
the fact that these have not been detected by ODENDOR.
For the paramagnetic state of the isolated Asg, the lattice
relaxation is small (see also Ref. 2). Figure 2 shows the
calculated total energy for the Asf, defect as a function of
the nearest-neighbor distance d for a relaxation that does not
alter the tetrahedral defect symmetry. Also shown is the de-
pendence of the hf interactions with the antisite nucleus and
of the shf interactions with the nearest neighbors. As is the
case for all deep donor states, the hf interaction with the
donor nucleus is quite sensitively dependent on the nearest-
neighbor distance. In our case, the moderate 3% outward
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relaxation obtained for the minimum of the total energy leads
to a 7% decrease of the hf interaction with the central
nucleus (the same relaxation leads to a 9% decrease of the
isotropic shf interaction and a 5% increase of the anisotropic
shf interaction with the nearest-neighbor nuclei).

The magnitude of the calculated lattice relaxation is con-
firmed by the fact that the hf interactions calculated with this
small lattice relaxation agree well with the experimental
data. Since the hf interactions both with the central As
nucleus and with the first shell of As ligands are strikingly
similar for all members of the Asg, family, we can safely
exclude that the experimentally observed paramagnetic states
of any members of the Asg, family are subject to a major
lattice relaxation of the Asg, nucleus.

The metastability of the Asg,-related defects is unequivo-
cally described by a large trigonal lattice relaxation,>* where
the Asg, antisite breaks a bond and moves in a [1, 1, 1]
direction just beyond the plane formed by its three remaining
neighbors. Due to this relaxation the p-like 7, resonance
above the conduction-band edge splits into an a; and an e
state of the group Cs,, with the a; state moving into the gap
and eventually merging with the valence band, whereas the
s-like a, state of the undistorted antisite is not too much
affected by the lattice distortion. In a recent paper Chadi* has
shown that the Asg, antisite in this EL2M distorted state can
be stable in four different charge states ranging from positive
to twofold negative. Due to our use of the ASA approxima-
tion in our LMTO-ASA treatment we cannot accurately de-
scribe the energetics of highly distorted defects, although we
get a fair representation of the electron densities. The hf and
shf interactions of the paramagnetic negative EL2M™ state
obtained by our approach differ not too much from those of
the tetrahedral Asg, state: The anisotropic interaction of the

1.2
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L L 1 1 los
1.02 106 1.1

d/d,

FIG. 2. Calculated total energy for the Asg,* antisite as a function of the nearest-neighbor distance d. d;) is the nearest-neighbor distance
for the unrelaxed GaAs crystal (left). The right panel shows the change of hf interactions upon relaxation for the antisite normalized to its
respective value without relaxation: contact interaction with the antisite nucleus (square) and contact (full triangle) and dipolar (open

triangle) interactions with the nearest-neighbor nucleus.
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TABLE II. Comparison of the experimental hf and shf interaction data (in MHz) for the Asg,-X, pair
(Ref. 19) with calculated results for the trigonal (Asg,-Gaus)~ antistructure pair in GaAs. Note: the experi-
mental data for subshell IIb and Ilc of Ref. 19 have been interchanged and shell IIb of Ref. 19 is reassigned

to subshell Va.

Shell Aexprl T bexpr! h alh blh b'Ih

0 2040 <50 2196 37 P As6,(0,0,0)
la 252+5 24+5 259 39 0.4 SAs(1,1,7)
Ib 72 11.5 0 9Ga, (1,1,1)
Ila -11.0 0.5 0.01 9Ga(2,2.0)
1Ib 423+0.1 1.4%0.05 39.7 24 0.9 9Ga(2,0.2)
Ilc ~17.0. ~0.6 10.4 -04 0.4 “Ga(2,2,0)
Va 47.1+0.1 1.65+0.05 22.1 1.5 0.02 BAs(3,3,1)

former defect are increased with respect to the latter state at
the expense of the isotropic interactions. Furthermore, for the
EL2M~ there are now prominent shf interactions with the
next-nearest Ga nuclei. In contrast, the positive state of the
EL2M™* has practically no isotropic hf interaction with the
central Asg, nucleus.

B. (Asga-Gay,)~ antistructure pair and the Asg,-X, center

In contrast to the Asg, antisite, the Ga,, antisite has a less
attractive potential than the As lattice atom that it replaces.
Due to this less attractive potential the valence states that
transform according to the 7, irreducible representation are
moved into the gap. According to our calculation the Gay,
antisite has charge states ranging from a single positive 4A1
state to a twofold negative lAl state, with transition energies
in the lower half of the gap. In its negative charge state, the
trigonal {Asg,(0,0,0)-Gapg(1,1,1)} antistructure pair with
the antisites as nearest neighbors forms a paramagnetic 2A1
doublet state with a hf structure that is similar in many re-
spects to that of the isolated Asg,.

Table II displays the hf and shf data in comparison with
experimental data for the Asg,-X, defect complex.!” Experi-
mentally, the hf structure of the Asg,-X, defect is unique
within the Asg, defect family in several respects: the contact
interaction with the central "*As nucleus is 20% smaller than
for the other paramagnetic Asg,-related defects, the shf in-
teractions with nearest °As ligand nuclei are nearly 50%
larger for the isotropic shf interactions, but smaller by a fac-
tor of 2 for the dipolar interactions if compared with the
corresponding interactions for the other members of the Asg,
family. The orientations of the shf tensor axes for this ligand
shell deviate strongly from the tetrahedral orientations found
for the other Asg,-related defects. Finally, for the Asg,-X,
defect complex the hf interactions with two shells of Ga
nuclei have been detected. Note that interactions with a Ga
nucleus had not been resolved experimentally for the isolated
Asg,, nor for the EL2.

The Asg,-X, defect had originally been interpreted as a
Asg,-V A antisite-vacancy pair'® and later been re-interpreted
as the negatively charged and trigonally distorted Asg,

defect.”> A careful analysis of the ODMR linewidth!”-! has
shown that the first shell of As neighbors consists of three
members only, suggesting a trigonal pair. From the amplitude
of the forbidden MCDA-EPR transitions a large quadrupole
interaction with the central nucleus was inferred, which
would be incompatible with a tetrahedral site and strongly
indicates the presence of another charged defect as nearest
neighbor to the Asg, central defect.

This second defect, which should be an intrinsic defect,
had not been observed in magnetic resonance. Since all in-
trinsic defects in GaAs are either vacancies or have a non-
zero nuclear spin, it was assumed that most likely a V
vacancy is in the first As ligand shell and therefore the
Asg,-X, defect was identified"” as a nearest-neighbor Asg,
-V 5 antisite-vacancy pair. We shall show in Sec. III B that
this identification cannot be maintained according to our re-
sults. Instead, we identify the Asg,-X, defect with a (Asg,
-Ga,g)~ nearest-neighbor antistructure pair. This new assign-
ment shares with the previous assignment that it also pro-
vides three As ligands in the first shell of ligands with a
twofold negatively charged defect being the forth neighbor
of the Asg, center.

The hf interactions calculated for the (Asg,-Gay)~ anti-
structure pair are compared with experimental data from Ref.
19 in Table II. From the analysis of experimental ODEN-
DOR lines it is not possible to infer the distance of the nuclei
(shells) measured from the central nucleus. Therefore the
assignment of lines to subshells must remain tentative with-
out a theoretical interpretation (see also Ref. 12).When com-
paring experimental and theoretical hf and shf interaction
data we therefore do not follow the assignment of the sub-
shells given by Ref. 19, which had been made on the basis of
the tensor angles only.

We propose instead to interchange the assignment of
shells IIb and Ilc in the experimental data and to replace IIIb
by Va. The latter change is proposed not just to improve the
agreement between theory and experiment, but considering
that for most deep donor states the shf interactions with shell
V are larger than with nuclei of shell III.1®

With this identification we find a very good agreement of
the calculated shf interactions with the experimental data for
all shells for which a comparison is possible. Quite unex-
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FIG. 3. (Color online) Contour plot of the magnetization density
for the trigonal {Asg,(0,0,0)-Gap,(1,1,1)}” antistructure pair in
GaAs.

pectedly, the shf interactions with the Ga,, antisite nucleus
are of the order of 10 MHz only. Since the hf interaction is
small and very anisotropic, it is not astonishing that it is not
resolved in the ODENDOR experiment. Furthermore, the
striking differences between the experimental shf interac-
tions for the isolated Asg, point defect and for the Asg,-X,
defect pair are well reproduced by the results calculated for
the (Asg,-Ga,)~ antistructure pair. For this pair we obtain
the charge transfer energy EY~=E,+1.47 eV, reasonably
close to the value of 1.2 eV reported by Koschnick et al.! for
the corresponding level for the Asg,-X, center.

Figure 3 illustrates the results of Table II: the magnetiza-
tion density is concentrated at the Asg, nucleus and its
nearest-neighbor (NN) As ligands, but much smaller in the
vicinity of the Gayg ligand. For the antistructure pair in its
paramagnetic negative charge state the binding is predomi-
nantly electrostatic between a singly positive Asg, and a
doubly negative Ga%_ antisite. The calculated value of 1.3 eV
for the pair binding energy is consistent with this interpreta-
tion and also with the reported thermal stability of the pair.!

The Asga-V as pair

According to our calculation, which generally agrees with
the earlier calculation of Delerue,'* the isolated neutral tet-
rahedral VOAS vacancy has a 4A1 high-spin state that originates
from three #, spin-up dangling-bond-like gap states. Forming
a trigonal pair these states are split into a; and e states of the
group Cj,,. The interaction of the dangling-bond a; state with
the Asg,-related a, state gives rise to hybridized bonding and
antibonding a; linear combinations. In the 2+ charge state of
the pair the lower a; single particle state is occupied by one
electron that gives rise to an 2A1 state. Since the lower a;
state is predominantly dangling-bond like, its isotropic hf
interaction with the ’ Asg, nucleus amounts to 390 MHz
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only, a factor of 5 smaller than required to be taken as the
interaction with the defect center nucleus observed for
Asga-X,. Furthermore, the shf interactions with the other
ligands also do not fit into the pattern determined experimen-
tally. The occupation of the upper a, single-particle state
(which in fact would give a hf interaction that agrees with
the experimental value for Asg,-X,) would require that the
four e single-particle states are also occupied, which would
correspond to a fourfold negative charge state of the pair.
According to our results, the singly negative charge state of
the pair is already the state with the highest possible electron
occupation.

Alternatively we could attempt to invert the term order
assuming a strong lattice relaxation for the pair: assuming a
relaxation of the antisite away from the vacancy position
(according to our calculation and to Poykko et al.? the re-
laxation should occur in the opposite direction), the lower a,
state moves toward the upper a, state, but due to the stronger
hybridization of the two a; states the isotropic hf interaction
derived from each a; state is smaller by about a factor of 2
than the experimental value for Asg,-X,. In contrast, a relax-
ation as predicted by our calculation and by P6ykko et al.”
even increases the discrepancy observed for the unrelaxed
pair. As noted above, the similarity of the hf interactions of
all members of the Asg, family is a strong argument that at
least the paramagnetic states are not subject to a major lattice
relaxation in the central region of the defect.

The result for the Asg,-V s(NN) pair demonstrates that
by ab initio calculations of hf interactions it is often quite
easy to falsify a defect model. This falsification is even
more convincing, if (as in the present case) with the
(Asg,-Gap)~ pair an alternative model can be presented that
fits perfectly into the experimental data. The present results
further demonstrate that a defect nucleus can be invisible in
ODENDOR, even if this nucleus is paramagnetic with a
100% natural abundance, if this nucleus has shf interactions
that are too small to give rise to enough line intensities to be
observed.

C. Asg,-Gay(NNN) antistructure pair
and the (Asg,-X;) center

The Asg,-X; defect was identified by Krambrock and
Spaeth® as Asg,-Ga (NNN) pair. The presence of a Gau,
antisite was concluded from the hf interaction with a single
Ga nucleus detected by ODENDOR. It was further con-
cluded that the Ga,, antisite cannot be at the nearest-
neighbor position to the Asg, antisite, as in this case there
would be only three As ligands to the Asg, antisite, which
would be in conflict with the EPR linewidth.

If we place the Asg, antisite in the origin, then the second

As shell would be at (1,1,3). The antistructure pair with
these coordinates in C; symmetry has a very small pair bind-
ing energy Ey;,q=0.2 eV. The gap states depicted in Fig. 4
are practically the unaltered superimposed gap states of the
isolated Asg, and Ga,, point defects. In a similar way the
induced density-of-states (DOS) distribution, i.e., the change
of the DOS upon introduction of the defect pair, is a mere
superposition of the induced DOS distributions of the iso-
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As(1,1,1)

° Ga(1,1,3)
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FIG. 4. (Color online) Contour plot of the particle densities for the distant {Asg,(0,0,0)-Gau(1,1,3)}" antistructure pair in GaAs. The
left panel shows the total magnetization density, the right panel gives the particle density of the lower gap states that originate from the

former #, gap state.

lated partners. When comparing the hf interactions calculated
for this Asg,-Gapa(NNN) pair with the ODENDOR results
for Asg,-X,,” we find some similarity, although the details of
the splitting in the subshells are somewhat different (see
Table IIT). These deviations could of course be caused by our
approximation of the lattice relaxation inserting the values
obtained for the constituents of the pair in tetrahedral sym-
metry. Unfortunately, our present code does not provide us
with sufficiently accurate relaxation energies for low-
symmetry relaxations.

The identification of the Asg,-X; as Asg,-Ga,(NNN) an-
tistructure pair rested on the observation of the hf interaction
with a single Ga nucleus.’ In our calculation, we also find a
hf interaction with a Ga nucleus, which happens to agree in
magnitude with the value observed experimentally. But this

interaction is due to the Ga(0,2,2) nuclei which in C, sym-

metry form a shell of two equivalent nuclei, while for the shf
interaction with the Ga antisite nucleus we find a value that
is below the experimental resolution (see Table III). Since in
the experiments the interaction with a single Ga nucleus is
observed (in 12 orientations of the defect as is appropriate
for the C; symmetry), this defect cannot be identified with
the Asg,-Gan(NNN) antistructure pair.

We have considered the effect of additional lattice relax-
ations around the Ga,, antisite, but the spin density at the
antisite nucleus was not sensitive to small relaxations.

We have investigated two additional antistructure pairs, a
pair of C, symmetry where the Ga, antisite is in shell V at
(3,3,1), and a trigonal pair, where it is at (3,3,3). For the
former pair we have virtually no pair binding energy. How-
ever, as the magnetization density of the isolated Asg, defect
is relatively large at the (3,3,1) site (see Fig. 1 and Table I),

TABLE III. Comparison of the experimental hf and interaction data (Ref. 19) (in MHz) for the
Asg,-X, pair with calculated results for the relaxed {Asg,(0,0,0)-Gaxy(1,1,3)}” antistructure pair in GaAs.
Note that for the pair with C, symmetry the "As(1,1,1) and the ®Ga(0,2,2) shells contain two members.

Shell Gexpr! B Bexpr! h alh blh b'/h Shell

P Asg,(0,0,0) 2600.0 2724.0 0.16 0.09 P As5,(0,0,0)

NN As shell

nucleus 1 158.5 54.7

nuclei 2-4 205.4 50.8
195.0 47.0 1.0 BAs(1,1,1)
181.0 45.0 0.01 BSAs(T,1,1)
173.0 45.0 1.6 TSAs(1,1,1)

Ga,, 225 1.9 -1.14 0.22 0.17 “Ga, (1,1,3)
20.6 0.8 0.7 99Ga(0,2,2)
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we observe a significant perturbation of the Asg,-derived
magnetization density caused by the Ga,, antisite. We there-
fore find isotropic shf interactions with several shells of “Ga
nuclei [including the Gau (3,3,1) antisite] in the 20-45-
MHz range. Furthermore, the isotropic shf interactions cal-
culated for the three subshells of the nearest-neighbor shell
range from 56 to 237 MHz, much more than observed ex-
perimentally. For the distant trigonal pair we obtain a binding
energy of 0.1 eV, and a splitting of the shf interactions for the
As nuclei in the first neighbor shell that is with 10% about
1/2 of the value observed experimentally. The shf interaction
with the 69GaAS(3,3,1) antisite nucleus is close to zero, a
significant hf interaction with Ga nuclei is found for the
69GaAS(Z,Z,O) shell only. Here the shf interaction
a=9.5 MHz cannot be identified with the Ga interaction
found experimentally, because it is with a shell of three
equivalent nuclei.

In conclusion, we have not found an antistructure pair that
shows a hf interaction with a single Ga nucleus as is ob-
served for Asg,-X;. We have obtained shf interactions with
%Ga ligand nuclei which are of the correct order of magni-
tude, but these are not the shf interactions with the Gayg
antisite nucleus.

D. EL2 defect

The first observation of the EL2 by EPR (Ref. 21) showed
the defect to be caused by an Asg, antisite defect. In its
neutral state, the diamagnetic EL20 defect was attributed to
an isolated tetrahedral Asg, defect from the uniaxial stress
dependence of its zero-phonon line and their phonon
replica.?> From MCDA-EPR experiments Meyer et al.?
concluded that the paramagnetic EL2* cannot be identified
with the isolated Asg,”. From DLTS and EPR experiments
the EL2 defect was concluded to be a trigonal Asg,-As;
pair,’*?” and Meyer et al.?® observed by MCDA-ENDOR an
additional As nucleus and concluded that EL2 is to be iden-
tified with a distant trigonal Asg,-As; antisite-interstitial pair.
From total-energy calculations,? however, such a pair was
concluded to be quite unlikely because of its small pair bind-
ing energy.

By ab initio total-energy calculations the metastability of
the EL2 defect was explained assuming the paramagnetic
EL2* defect to be identified with the isolated tetrahedral
Asg," antisite>? without the need of inducing an As; intersti-
tial. Furthermore, the presence of an interstitial was ques-
tioned by Wirbeleit and Niklas?® from an analysis of the EPR
linewidth using an improved scheme for the computation of
the line positions of the many pseudodipolar coupled nuclear
spins. Finally, Tkach e al.?® have re-investigated the EL2
using MCDA-EPR in the W band (95 GHz). With the higher
magnetic field in the W band the Zeeman splittings are much
larger than the hf interactions and therefore the pseudodipo-
lar coupling is absent in the ENDOR lines. From the high-
field ENDOR the presence of an As; nucleus in the EL2
defect can be excluded. The observed hf interactions are al-
most compatible with an isolated tetrahedral Asg,” defect,
except for an increased linewidth of the hf interactions in the
nearest-neighbor shell which might indicate a 1.5% splitting
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of these interactions and a resolved splitting of the interac-
tions that were ascribed to shell V.

This experimental result raises some problems which can-
not be answered properly. The increased linewidth and the
splitting observed for shell V strongly suggests that at least a
partner to the Asg, " is present in the EL2. Since the EL2 is
stable up to 800 K, the pair must be tightly bound by at least
2 eV and, since the EPR linewidth is the same as for the
isolated Asg,", the partner cannot be at the nearest-neighbor
substitutional position. It must not be an intrinsic interstitial,
as both As; and Ga; could not stay unobserved. If such a pair
was covalently bound by 2 eV, a drastic change of the bonds
of its constituents would be expected. As these necessarily
influence the paramagnetic states (even if these are antibond-
ing, they must be orthogonal on the bonding states and
should be affected by the change of the orthogonalization), it
is quite unlikely that the shf interactions with the nearest
neighbors are affected by some 1.5% only. From the above it
follows that the EL2 must not be a covalently bound pair.

A binding of the pair by Coulomb forces would require
that the partner to the paramagnetic Asg, is negatively
charged (highly charged in fact to give rise to a binding
energy of 2 eV), making the EL2 an acceptor. But the tech-
nological relevance of the EL2 rests on its property as a
double donor.

We therefore should consider that the EL2 at normal tem-
peratures is identical with the isolated tetrahedral Asg, point
defect. When cooling the samples to helium temperature,
compensating mobile acceptors may migrate and bind to the
Asg, point defect by Coulomb forces, causing the increased
linewidth and the splittings observed in shell V. This might
also be a possible explanation for the Asg,-X; defect.

1. Distant orthorhombic {Asg,(0,0,0)-V;,(0,0,4)}*-
antisite-vacancy pair

In order to show that in principle a distant pair bound
moderately by Coulomb forces could explain the properties
observed for the EL2, we have calculated a model where the
antisite is separated from the vacancy by a full lattice con-
stant along the cubic axis.>® This ensures that the properties
of the pair are similar to those of the isolated antisite as is
revealed by the hf interaction data listed in Table IV. The
pair formation energies are rather small: we obtain 0.34 eV
for the singly negative pair, and 0.3 eV for the threefold
negative pair if we relax the ligands of the Asg, and of the
V. as for the isolated trigonal defects (there are no common
ligands for the constituents of the pair). These pair binding
energies are considerably smaller than the electrostatic ener-
gies expected for a {Asg,(0,0,0)*-V,(0,0,4)%} pair (0.8
eV), which in the {Asg,(0,0,0)?*-V,(0,0,4)37} charge state
corresponding to EL2* which with 1.6 eV would be suffi-
cient to ensure the observed stability of the pair. Obviously
the polarization of the crystal surrounding the defect pair
screens the charges much more effectively than the long-
range screening which is given by the electrostatic dielectric
constant.

The charge transfer energies are found to be E*7/~
=E,+1.18 eV and E>7*~=E,+1.49 eV, respectively. The
charge states of the pair are quite different from those of the
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TABLE IV. Comparison of the experimental hf interaction data (in MHz) for the EL2 defect with
calculated results for the unrelaxed {Asg,(0,0,0)-V,(0,0,4)}>~ defect pair in GaAs.

Shell Gexpr! B Bexpr! h alh b/h
" Asg,(0,0,0) 2656.+15 3056.0 -0.15
BAs(1,1,1) 190.5 44.1
170.5+0.4 54304
BSAs(1,1,1) 198.3 43.23
Shell Aexy#(0,0,1) /1 alh b/h
31-36
39-42
BAs(3,3,1) 31.0 35
BAs(3,3,1) 332 3.7

isolated defects, primarily because in semi-insulating and in
n-type material the Vg, is in the (3—) charge state.

Table IV compares the hf and shf interaction data for the
EL2 defect with those calculated for the unrelaxed ortho-
rhombic {Asg,(0,0,0)-Vg,(0,0,4)}> pair. The agreement is
satisfactory in the sense that perfect agreement does not
seem unlikely if a correct lattice relaxation could be imple-
mented. It should be noted, however, that the splitting of
shell of nearest neighbors into two subshells leads to isotro-
pic shf interactions that differ by 4%, three times the value
estimated by Tkach et al.* from the increased linewidth. It
thus seems that the pair distance of one lattice constant leads
to a pair that is still bound too tightly to fully account for the
small splitting of the shf interactions for the shell of nearest
neighbors.

It is interesting to compare the magnetization density of
this pair (see Fig. 5) with that calculated for the isolated
Asg,” point defect in Fig. 1. There are hardly any

Vi, (0,0.4)

differences—the VGa3_ partner represents a strong Coulom-
bic attraction for Asg,*, but since it is diamagnetic it only
minutely influences the magnetization density. In contrast,
the induced electron density shows the strong influence of
the VGa3_ on the electron density of the pair.

2. Pairing of the Asg," antisite with shallow acceptors

For the EL2 we have speculatively proposed that this de-
fect is an isolated antisite which forms a complex with some
mobile partner upon cooling to temperatures well below
room temperature. Since the paramagnetic state of the EL2
requires compensating acceptors, it appears likely that shal-
low acceptors are involved. We have compared the total en-
ergies of pairs of the Asg," antisite with shallow acceptors
with the sum of the total energies of the constituents of the
pairs. As examples for shallow acceptors on both sublattices
we have chosen the Zng,~ and C,,” acceptors. Table V
shows the pair binding energy AE for various separations of

Vea(0,0,4)

FIG. 5. (Color online) Contour plot of the magnetization density (left) and of the total induced electron density (right) for the ortho-

rhombic {Asg,(0,0,0)-V,(0,0,4)}> pair in GaAs.
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TABLE V. Pair binding energy AE (in eV) for pairs of the Asg,*
antisite with Zng,~ and C,,~ acceptors at different distances. Also
listed is the variation Aa/h (in MHz) of the isotropic shf interac-
tions with the nearest-neighbor As ligand nuclei.

Pair AE Aalh
Asg,(0,0,0)-Zng,(2,2,0) 0.228 75.9
AsG,(0,0,0)-Zng,(0,0,4) 0.054 1.32
AsG,(0,0,0)-Zng,(2,2,4) 0.051 4.18
AsG,(0,0,0)-Zng,(4,4,4) 0.011 1.31
A8Ga(0,0,0)-Cag(1,1,1) 0.942
Asg,(0,0,0)-Cpq(1,1 §) 0.079 11.8
Asg,(0,0,0)-Cas(3,3,1) 0.146 100.8
Asg,(0,0,0)-Ca(3,3,3) 0.020 8.2
Asg,(0,0,0)-Cai(5,5,1) 0.077 24.6
AsG,(0,0,0)-Cul(5,5,5) 0.022 0.05

the constituents of the pair. In contrast to a simple electro-
static model AE is not a monotonic function of the intrapair
separation; the binding energy AF is relatively large if the
acceptor is located at a position where the electron density of
the isolated antisite would be large, at the (3,3,1) and the
(5,5,1), positions, e.g., but rather small at positions where
this electron density is small [at (0,0,4), e.g.].

For all pairs with an intrapair separation exceeding two
nearest-neighbor distances the hf interaction with the central
antisite nucleus is within computational accuracy identical
with that obtained for the isolated antisite. The same is true
for the mean value of the isotropic and anisotropic shf inter-
actions with the nuclei of the nearest-neighbor °As ligand
shell. Since pairing lifts the symmetry of the pair, the shf
interactions with the nearest-neighbor °As nuclei are not
identical but show some variation, Aa/h. For pairs with
larger binding energies this variation Aa/h exceeds 10 MHz
even for the pairs with rather large interpair separations.

For the pairs with shallow acceptors to be identified with
the defect that gives rise to the EL2 spectra the variation
Aa/h must be below about 2 MHz (see Ref. 29) in order to
account for the increased linewidth. Note that for the pairs
with shallow Zng,” acceptors this condition [with the excep-
tion of the Asg,(0,0,0)-Zng,(2,2,0) pair] is nearly met,
while for the C,,~ acceptors this condition is not met for
pairs with large intrapair separations. Thus it appears not
unlikely that the paramagnetic EL2* is the neutral pair of an
Asg," antisite with rather distant and weakly bound shallow
acceptors on the Ga sublattice. We must, however, admit that
we cannot check our model comparing the shf data for the
fifth ligand shell, for which only incomplete experimentally
determined shf interactions are available:> Since there are
no angular dependent ODENDOR spectra experimental, the
experimental data cannot be analyzed, and for the low-
symmetry pairs our present code does not allow us to calcu-
late shf interactions for all subshells of a distant shell.
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It should be noted that the hf and shf interactions of the
A8G,(0,0,0)-Cu((1,1,1) pair are quite different from those
of the Asg,-X, pair: the hf interaction with the central
nucleus in the Asg,(0,0,0)-Cyx (1,1,1) pair is hardly differ-
ent from that of the isolared Asg,” and also the shf interac-
tions with the three ">As nearest-neighbor ligands do not
show the striking differnce to those of the isolated antisite
which are typical for the Asg,-X, pair.

IV. CONCLUSIONS

The agreement of the calculated hf interactions for the
isolated Asg, with the experimental ODENDOR data indi-
cates that the theoretical method describes the hf and shf
interactions for this defect quite accurately. For the Asg,-X»
we find that the proposed model as a nearest-neighbor
Asg,-Vas antisite-vacancy pair has no charge state that
shows any similarity with the hf interactions of the defect
observed experimentally. However, results obtained theoreti-
cally for the nearest-neighbor (Asg,-Gay)~ antistructure pair
show all the details observed experimentally. Furthermore,
the calculated pair binding energy is compatible with a de-
fect that is stable up to 500-550 K. For the other two defects
the identification is still unclear: The hf interactions obtained
experimentally for the Asg,-X; defect agree in nearly all de-
tails with theoretical results obtained for the distant
(Asg,-Gap)~ antistructure pair. However, the calculated shf
interaction with the antisite nucleus is much smaller than the
observed interaction with a single Ga nucleus. In the theo-
retical results there is a shf interaction of the magnitude ob-
served experimentally, however, for a shell consisting of two
equivalent nuclei. In all cases considered, shf interactions
with Ga nuclei of the order of 20 MHz occurred for distant
ligands only, but not with the Ga,g antisite nucleus. We
therefore have no real evidence that the Asg,-X; defect does
indeed involve an Ga,, antisite. From the experiment it can
be concluded that it is no tetrahedral defect and that the first
shell of ligands of the Asg, defect consists of four As
ligands.

For the technologically important EL2 defect the
Asg,-As; model can be excluded on the basis of recent high-
field ODENDOR experiments.?” Since a slight but definite
deviation from tetrahedral symmetry is observed in these ex-
periments, it appears that this thermally most stable defect in
the Asg, family is some defect aggregate. We have not found
an example for a defect, which, upon pairing with some
other defect gains about 2 eV in pair binding energy, but has
shf interactions that deviate from those of the isolated defect
by 1.5%. We have proposed as a likely solution to this para-
dox a model in which near room temperature the EL2 is an
isolated tetrahedral defect and that the deviations from tetra-
hedral symmetry observed experimentally are caused by the
pairing with some other mobile defect, shallow acceptors on
the Ga sublattice, e.g., which occurs while cooling the
sample.
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