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Optically detected magnetic resonance study of an arsenic-antisite–arsenic-vacancy complex
in GaAs
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Department of Physics, University of Paderborn, 33095 Paderborn, Germany

~Received 9 March 1998; revised manuscript received 6 May 1998!

An arsenic-antisite-related defect produced inn-type GaAs by 2 MeV electron irradiation was investigated
using magnetic circular dichroism of the optical absorption~MCDA!, MCDA-detected electron paramagnetic
resonance~MCDA-EPR!, and MCDA-detected electron-nuclear double resonance~MCDA-ENDOR!. In com-
parison to several other arsenic-antisite-related defects, like theEL2 defect, the investigated defect has a
reduced hyperfine interaction with the central AsGa atom~2050 MHz compared to 2650 MHz forEL2!. Large
superhyperfine interactions with the nearest arsenic neighbor shell of the order of 250 MHz were observed.
From the analysis of the MCDA-EPR line shape and the MCDA-ENDOR data, it was concluded that the defect
consists of an arsenic antisite and a first As shell vacancy.@S0163-1829~98!06536-9#
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I. INTRODUCTION

GaAs is one of the most used semiconductor materials
direct band gap and high electron mobility lead to ma
applications where high speed or IR light are involved, e
fast digital circuits and laser diodes. The electrical and o
cal properties of GaAs are influenced by intrinsic defec
The most prominent intrinsic defect in GaAs is theEL2
defect, a deep arsenic-antisite–related~AsGa-related! double
donor, which is responsible for the semi-insulating~SI! char-
acter of nominally undoped, as-grown GaAs. By irradiati
with high-energy electrons intrinsic defects like AsGa-related
defects can be artificially produced in concentrations that
low their investigation using magnetic resonance techniqu
such as the magnetic circular dichroism of the optical
sorption ~MCDA!, MCDA-detected electron paramagnet
resonance~MCDA-EPR!, and MCDA-detected electron
nuclear double resonance~MCDA-ENDOR!.

A whole family of AsGa-related defects has bee
identified.1 Besides theEL2 at least three other AsGa-related
defects are formed by electron irradiation of GaAs. Two
them were attributed to the isolated AsGa defect and an anti-
structure pair@AsGa-GaAs ~nnn!, i.e., an AsGa with a Ga an-
tisite (GaAs) in the next-nearest-neighbor position#.1 The
EPR spectra of all three of those defects have75As hyperfine
~hf! splittings almost undistinguishable from the hf structu
of the EL2.1 In contrast, the so-called AsGa-X2 defect,2,3 a
defect, which is produced by electron irradiation at roo
temperature inn-type GaAs, has a reduced hf splitting com
pared to the other three AsGa-related defects mentione
above. The AsGa-X2 has an ionization level at 1.2 eV abov
the valence-band edge.3,4 Its introduction rate is relatively
large (1 cm21). Investigations using different electron irra
diation fluences and dopants suggest that the AsGa-X2 defect
is an intrinsic defect without extrinsic constituents.5 Tenta-
tively, the model of an AsGa-related defect with a nearest A
vacancy (VAs) was proposed by Bardeleben, Bourgoin, a
Moret,3 who performed conventional EPR measuremen
Later, the same first author with others proposed the mo
of an isolated, but distorted As antisite defect with a brok
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bond and hence it was negatively charged.6

However, from EPR alone it was not possible to analy
the detailed microscopic structure of the defect. The h
abundance of magnetic isotopes with a nuclear spin oI
53/2 of both lattice atoms in GaAs causes a large inhom
geneous broadening of the hf-split EPR lines preventing
resolution of the superhyperfine~shf! interactions, i.e., the
magnetic interactions between the unpaired electron spin
the nuclear spins of the neighbor nuclei. The resolution
the shf interactions is needed to establish a microsco
model.7 ENDOR measurements can resolve these shf in
actions. We performed MCDA-detected ENDOR measu
ments that are more sensitive than conventional ENDO
which was not successful for sensitivity reasons.7 As a result
of our determination of the shf interactions and their ana
sis, we propose that the AsGa-X2 defect is a complex defec
consisting of an arsenic antisite with a vacancy in the fi
arsenic shell (AsGa-VAs).

II. EXPERIMENTAL DETAILS

We used Te-doped liquid encapsulated Czochralski~LEC!
GaAs with a n-type carrier concentration ofn53.4
31017 cm23 at room temperature. The sample was irradia
at 4.5 K with 2 MeV electrons at the Forschungszentru
Jülich. The irradiation fluence was 131017 e2 cm22. The
irradiation fluence did not suffice to lower the Fermi level
a midgap position. After warming the crystal to room tem
perature, the AsGa-X2 defect was observed. The defect c
also be produced by electron irradiation at roo
temperature.3

The MCDA, which is the differential absorption of lef
and right circularly polarized light propagating along an e
ternal magnetic field, was determined with a linear polari
in combination with an optical stress modulator via a lock
technique. MCDA, MCDA-EPR, and MCDA-ENDOR mea
surements were performed using a computer-control
custom-built K-band spectrometer (n524 GHz). MCDA-
EPR was detected as a microwave-induced change of
MCDA. MCDA-ENDOR was measured as an increase of
MCDA-EPR signal due to nuclear magnetic resonan
7707 © 1998 The American Physical Society
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~NMR! transitions induced simultaneously with the EP
transitions by a radio frequency source. A cooled german
detector was used to measure the transmitted light. For
ther experimental details the reader is referred to Ref. 7.

III. EXPERIMENTAL RESULTS

A. MCDA-EPR measurements

Figure 1 shows the MCDA~a! and MCDA-EPR spectra
~b! of the four different arsenic-antisite–related defe
@AsGa, EL2, AsGa-GaAs ~nnn!, and AsGa-X2#. The four dif-
ferent defects were measured in samples with differ
preparation conditions. The AsGa defect was measured in S
GaAs, which was irradiated with 2 MeV electrons at 4.2
and kept below 77 K. TheEL2 defect was measured i
as-grown SI GaAs. The AsGa-GaAs ~nnn! defect was ob-
served in SI GaAs which was electron irradiated at 4.2 K a
warmed to room temperature, and the AsGa-X2 defect was
measured in Te-doped, electron-irradiated GaAs as descr
above. As is the case for the other arsenic-antisite–rel
defects having the ‘‘large’’ hf interaction, the MCDA-EP
spectrum of the AsGa-X2 defect @see Fig. 1~b!# yields little
structural information. Within experimental error all th
MCDA-EPR spectra of Fig. 1~b! are isotropic. The first three
defects have almost undistinguishable MCDA-EPR spe
as clearly seen in Fig. 1~b!. However, the AsGa-X2 defect
differs from the others. The MCDA-EPR spectrum has fo
hf lines with about equal intensity and width. From this it
inferred that the defect has an75As as a central nucleu
~nuclear spinI 53/2 and 100% abundance!. A Ga central
nucleus cannot explain the MCDA-EPR spectrum.@Ga has
two isotopes:69Ga ~60.1%! and 71Ga ~39.9%!, each withI
53/2, but with different nuclear g factors.# However, the
MCDA-EPR spectrum alone cannot be used to determ
whether the defect involves an As antisite or an As inter
tial.

FIG. 1. ~a! MCDA spectra and~b! MCDA-detectedK-band
EPR ~MCDA-EPR! spectra of four different AsGa-related defects.
The spectra of the four different arsenic antisite-related def
were recorded in different GaAs samples~see text!. The hf splitting
of the AsGa-X2 defect is reduced by about 25% compared to
other ‘‘large’’ As antisite hf splittings. The measurement tempe
tures were 1.5 K. The microwave power was chosen to
220 dBm to avoid saturation broadening (0 dBm51 mW).
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The microwave power dependence of the MCDA-EP
spectrum was studied. ‘‘Forbidden’’ transitions arose w
increased microwave power. These transitions are not see
Fig. 1~b! which was taken at low power (220 dBm). An
MCDA-EPR spectrum recorded with a microwave power
18 dBm (0 dBm51 mW) incident on the cavity, the highes
power available in our MCDA-EPR/ENDOR spectromete
is shown as tracea in Fig. 2. A double humped ‘‘camel’’
spectrum was found. Detailed calculations were made to
and explain this spectral shape.

The MCDA-EPR spectral changes with microwave pow
cannot be explained with the usual time-dependent, seco
order perturbation theory, since in second order, the forb
den transitions would be smaller than the allowed ones b
factor of B1

2/B0
2 ~whereB1 is the oscillating magnetic-field

amplitude of the microwaves andB0 is the static magnetic
field!. In our experiments this factor is of the order of 10210

for the maximum microwave power available. It will b
shown below that the observation of forbidden transitions
caused by the saturation of the spin system with high mic
wave power. In MCDA-EPR, it is necessary to drive t
investigated spin system away from thermal equilibrium,
vorably into saturation to substantially change the spin po
lation of the Zeeman levels of the defect ground state. O
erwise, one cannot observe a change of the MCDA due to
EPR transition~see e.g., Ref. 7!.

In Fig. 2 the long-dashed line shows the four hf lin
whose peaks are labeled with 0. Forbidden lines withDmI
561 would be located in the middle between the allowed
lines ~see Fig. 2!. Forbidden lines withDmI562 would be
superimposed on the two allowed hf lines in the middle
the spectrum~see weak short-dashed lines in Fig. 2!. Pos-
sible reasons for forbidden EPR transitions are a quadru

ts

e
-
e

FIG. 2. Tracea: MCDA-EPR spectrum recorded under satur
tion conditions with a microwave power of 18 dBm
(0 dBm51 mW) at 1.287 eV,T51.5 K, and microwave frequency
24.08 GHz. The measured spectrum was calculated with exce
agreement~traceb! as a sum of the three less intense spectra. Th
spectra were calculated assuming Gaussian lines and allowed
sitions ~DmS561, DmI50, dashed four-line spectrum marke
with 0! and forbidden transitions~DmS561, DmI561, solid
three-line spectrum marked with61!, and (DmS561, DmI5
62, dashed lines at the field positions of two of the allowed lines
the middle of the spectrum marked with62!. The innerDmS5
61, DmI561 line has a smaller amplitude than the two ou
ones.
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TABLE I. Relative amplitudes of the allowed and forbidden MCDA-EPR transitions for different mi
wave powers~for 18 dBm, see Fig. 2!. In the line shape fitting to the spectra only the relative amplitude
the allowed and forbidden transitions were varied. The positions and widths of the lines were set in ad
The lowest row in the table was calculated using Eq.~3! and the parametersc1 andc2 that were obtained
from a fit of Eq.~3! to the measured relative intensities at 18 dBm,22 dBm, and212 dBm. The power of
248 dBm was chosen because then no saturation occurs and the relative intensities of the allowed tra
was exactly one. Therefore, the lowest line in the table gives the relative transition probabilities f
respective forbidden transitions in comparison to the allowed ones.

Microwave power DmI50 DmI561 ~outer lines! DmI561 ~central line! DmI562

18 dBm 3000 3700 1700 2300
22 dBm 2800 900 500 400

212 dBm 1700 200 150 0

248 dBm 1.0 0.030 0.016 0.012
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interaction of the central nucleus, anisotropies of theg tensor
and/or the hf tensor, and/or large shf interactions. T
anisotropies or large shf interactions cause a deviation of
quantization axis of the electron spin from the magnetic-fi
direction if it is not parallel to the principal axes of bo
tensors. In such a case the three forbiddenDmI561 transi-
tions would occur with equal intensities. On the other ha
the forbiddenDmI561 transitions would not have equa
intensities in the case of a quadrupole interaction. A supp
sion of the inner forbidden line is typical for forbidden tra
sitions caused by a quadrupole interaction. For a system
an isotropicg factor, an isotropic hf interaction, and a qua
rupole interaction, the relative intensity of the forbidden lin
with DmS561 and DmI561 can be calculated with th
following expression:8

Int6
Int0

5H 2q cosb sin b

amS~mS21! J 2

3mq
2$~ I 1 1

2 !22mq
2%, ~1!

in which Int6 are the intensities of the forbiddenDmS5
61 and DmI561 transitions, Int0 is the intensity of the
allowedDmS561 andDmI50 transitions,a is the isotro-
pic hf interaction parameter,q is the quadrupole interactio
parameter,b is the angle between thez axis of the quadru-
pole tensor and the magnetic fieldB0 , mS is the spin quan-
tum number of the electron, andmq is the average of the two
nuclear spin quantum numbers involved in the transit
@(mI1mI8)/2#. The relation of the hf and quadrupole param
eters to the respective tensors are explained in Sec. III B;
also, e.g., Refs. 7 and 8. The quantum numbermq is zero for
the forbidden transition withmI51/2→mI8521/2. There-
fore, this transition that corresponds to the central line of
three forbidden lines withDmI561 is suppressed. The in
tensity of the forbidden lines withDmI562 due to quadru-
pole effects is one order of magnitude smaller than thos
the DmI561 lines.8

Assuming allowed and forbidden transitions and Gauss
lines of equal width for the transitions, it is possible to t
and synthesize the observed spectra. The relative amplit
of the allowed and forbidden MCDA-EPR transitions for d
ferent microwave powers ~18 dBm, 22 dBm, and
212 dBm! were determined with a least-squares fit to t
measured spectra. In the line shape fitting the positions
widths of the lines of the individual transitions were set
e
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advance. Table I shows the results for MCDA-EPR spec
recorded with different microwave powers. Figure 2 sho
for a microwave power of 18 dBm the individual spectra a
their sum@trace~b!#.

The stationary population differenceDn5n22n1 of a
two-level system~1 for spin up and2 for spin down, S
51/2! is

Dn5
w122w21

w211w1212R
, ~2!

wherew12 and w21 are the relaxation probabilities from
the state1 to 2 and vice versa, andR is the EPR transition
probability, which is proportional to the microwave pow
PmW . The MCDA is proportional to the population differ
enceDn. Therefore, the microwave-induced change of t
MCDA, i.e., the MCDA-EPR effect (DMCDA), is propor-
tional to Dn(PmW50)2Dn(PmWÞ0):

DMCDA5MCDA~0!2MCDA~PmW!5
c1

c2
2

c1

c21PmW
,

c1}w122w21 ,

c2}w211w12 . ~3!

The parametersc1 andc2 were obtained for each trans
tion from a fit of Eq.~3! to the measured relative intensitie
of the respective transitions at the three different microwa
powers shown in Table I. Because of the long spin latt
relaxation time of the AsGa-X2 defect at the measuremen
temperature of 1.5 K@T151/(w211w12)'2 s#, its EPR
signals are saturated easily with the microwave power of
dBm. With no saturation the MCDA-EPR signal would b
proportional to the microwave power@DMCDA'(c1 /c2

2)
3PmW#. Saturation effects of the four allowed EPR tran
tions were already observed at a microwave power as low
212 dBm. The intensity of the allowed transitions increas
only by a factor of less than two when increasing the pow
by a factor of 1000~from 212 dBm to 18 dBm!. On the
other hand, the forbidden transitions, which may have tr
sition probabilities two orders of magnitude less than tho
of the allowed ones, increase linearly with the microwa
power until they too are saturated. Therefore, the rela
intensity of the allowed and forbidden transitions can b
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TABLE II. MCDA-EPR data of the AsGa2X2 defect at 1.5 K.

ge factor

hf interaction
Quadrupole interaction

q ~MHz!
FWHM of hf lines

DB1/2 ~mT!
Spin lattice relaxation

T1 ~s!ah f ~MHz! bh f ~MHz!

2.0061 2050630 ,50 2065 4562 2.560.5
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come comparable under strong saturation, although the t
sition probabilities of allowed and forbidden transitions a
very much different. Using Eq.~3! and the parametersc1 and
c2 for AsGa-X2 at 1.5 K, it was shown that no saturatio
effects are expected for a microwave power of248 dBm.
However, in a measured spectrum with a microwave po
of 248 dBm, the forbidden transitions could not be observ
because of the small signal-to-noise ratio. Therefore,
relative line intensities of the allowed and forbidden tran
tions were calculated using Eq.~3! and the parametersc1 and
c2 obtained from the fit described above. The calculated r
tive line intensities for248 dBm are shown in the lowes
row of Table I. These relative line intensities have the sa
ratio as the respective transition probabilities. The appa
microwave power dependence of the relative intensities
the forbidden lines in comparison to the allowed ones
caused by the saturation of the allowed transitions.

From the analysis of the calculated relative intensities
the forbidden lines at248 dBm, where no saturation effec
occur, we decomposed these intensities into a contribu
that must be caused by a quadrupole interaction~no central
line! and into another contribution that is probably caused
anisotropies or a large shf interaction. The ‘‘outer’’ forbi
den lines withDmS561 andDmI561 at 794 mT and 945
mT ~see Fig. 2! have almost double the intensity compared
the central one at 867 mT. The relative intensity of the c
tral line at248 dBm is a direct measure for the contributio
of the forbidden transitions caused by anisotropies or by
interactions~0.016!. The relative intensities of the forbidde
lines caused by a quadrupole interaction is the differenc
the relative intensities of the outer forbidden and the cen
forbidden lines~0.014!. Therefore, the value 0.014 represen
the relative intensity of quadrupole-induced forbidden tra
sitions in comparison to the allowed transitions.

From the spectral positions of the EPR transitions it c
not be decided whether a quadrupole interaction with a c
tral nucleus exists. Only in higher order does the quadrup
interaction influence the line positions of the EPR transitio
Therefore, the quadrupole interaction of the central nucle
if present, must be much smaller than the hf interaction.
the other hand, a quadrupole interaction influences the
intensities of the forbidden transitions as discussed ab
Therefore, it is possible to estimate the quadrupole inte
tion indirectly via the relative intensities of the quadrupo
induced forbidden transitions in comparison to the allow
transitions. This procedure was performed using the valu
0.014 for the relative intensity of the quadrupole-induc
forbidden transition without saturation and using Eq.~1!. A
quadrupole interaction parameter ofq/h'2065 MHz was
estimated. A quadrupole interaction of the central As nucl
can only occur if the electric-field gradient at this position
not zero. From the quadrupole parameterq the field gradient
was calculated to be approximately 331022 V m22. If the
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defect had tetrahedral symmetry (Td), there would be no
quadrupole interaction. Therefore, we conclude from the
servation of the quadrupole-induced forbidden transitions
the MCDA-EPR spectrum that the AsGa-X2 defect must have
a lower symmetry thanTd .

The relative transition probability of the forbidden trans
tions caused by anisotropies or a large shf interaction
estimated to be 0.016 compared to that of the allowed tr
sitions ~see Table I!. It can be shown that the ratio of th
respective transition probabilities caused by an anisotropi
interaction roughly follows the square of the anisotropic
interaction parameterbh f , divided by the isotropic hf inter-
action parameterah f . If an anisotropy of the hf interaction
would cause this part of the forbidden transitions~0.016!, bh f
would be of the order of 200 MHz. On the other hand,
anisotropy of the MCDA-EPR spectrum of the AsGa-X2 de-
fect was detected. An anisotropy of the hf interaction
small as 50 MHz would have been seen. Similar argume
can be applied for an anisotropy of theg tensor. Therefore,
probably the large shf interactions of the first As shell of t
defect~;250 MHz, see Sec. III B! are responsible for for-
bidden transitions with equal intensities for the outer a
central lines. Numerical calculations of this effect show
that this is a reasonable explanation.9 The data deduced from
the MCDA-EPR results for the AsGa-X2 defect are collected
in Table II.

B. MCDA-ENDOR measurements

MCDA-ENDOR was measured as a microwave- and
induced change of the MCDA. The magnetic field was se
the maximum of one of the hyperfine lines of the MCDA
EPR spectrum. MCDA-ENDOR lines were detected in t
frequency range 12–40 MHz, 110–160 MHz, and 220–3
MHz. An MCDA-ENDOR spectrum over the whole fre
quency range is shown in Fig. 3 forB0 30° off the @100#
direction. A spectrum, measured in the high-frequency ra
~110–160 MHz! for the Bi@100# orientation, is reproduced in
Fig. 4~a!. The angular dependence of the MCDA-ENDO
lines was measured by rotating the crystal about a^110& axis
from B0i@100#(0°) via B0i@111#(54.74°) to 70°. The
signal-to-noise ratio of the measured ENDOR lines was v
low, and it was difficult to follow a certain ENDOR line
through the full angular dependence. Another proble
which complicated the analysis, was the overlap of ma
lines. In particular, a superposition of many ENDOR lin
was observed in the high-frequency range@Fig. 4~a!#.

The frequency positions of the MCDA-ENDOR lines ca
be calculated using the following Hamiltonian (S51/2):

H5mBgS¢–BW 01(
i

I¢i–Ai= –S¢2(
i

gn,imnI¢i–BW 01I¢i–Qi= –I¢i ,

~4!
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where the first term is the electron Zeeman energy, the
ond is the shf interaction, the third is the nuclear Zeem
energy, and the fourth is the quadrupole interaction.Ai= is the
shf tensor of thei th nucleus,Qi= is the quadrupole tensor o
the i th nucleus,mB is the Bohr magneton,g is the electrong
value,BW 0 is the static magnetic field,S¢ is the electron spin
operator,I¢i is thei th nuclear spin operator,mn is the nuclear
magneton, andgn,i is the nuclear g-value of thei th nucleus.
The frequencies for ENDOR transitions of thei th nucleusn i
@selection rules for ENDOR:DmI ,i561, DmI , j50 ( j Þ i ),
andDmS50# are given in a first-order solution of the Hami
tonian as~see, e.g., Ref. 7!:

FIG. 3. MCDA-ENDOR spectrum of the AsGa-X2 defect atT
51.5 K. The photon energy was 1.287 eV, the magnetic field w
830 mT~see Fig. 2!, the microwave frequency was 24.01 GHz, t
angle between the static magnetic field and the@100# direction was
30° and between the@110# direction was 90°. The total time o
measurement for this spectrum was 10 h.

FIG. 4. ~a! MCDA-ENDOR spectrum of the first As shell of th
AsGa-X2 defect for the static magnetic field 5° off the@100# direc-
tion with the magnetic field at 725 mT~in the maximum of the
lowest hf line!, T51.5 K, and photon energy of 1.287 eV.~b! Cal-
culated spectrum with the parameters from Tables IV, V, and
The width of the lines was assumed to be 1 MHz, which was
width of the individual ENDOR lines found in the lower-frequenc
spectrum~12 to 40 MHz!. ~c! ‘‘Stick spectrum’’ of the calculated
MCDA-ENDOR lines in which the relative line intensities refle
the transition probabilities. The width of the lines was set to 0
MHz.
c-
n

n i
65

1

h
umS,e f fWsh f,i1mq,iWq,i2gn,imnB0u ~5!

with

Wsh f,i5ai1bi~3 cos2b i21!,

Wq,i53qi~3 cos2b i821!, and

mq,i5
1
2 ~mI i

1mI ,i8 !, ~6!

wheremI ,i ,mI ,i8 are the quantum numbers of the nuclear le
els associated with the ENDOR transitions andmS,e f f is the
effective spin quantum number. In the effective spin appro
mation the influence of internal fields like a strong hf inte
action on the quantization of the electron spin is taken i
account in first order. If a strong hf interaction is present,
observed here, the deviation of the effective spin quant
numbermS,e f f from 61/2 is of the order of 1022. This de-
viation depends on the quantum numbermI of the central
nucleus and, therefore, on which hf line the magnetic fi
was set during the ENDOR measurement.Wsh f,i is given in
terms of the isotropic shf interaction constantai and the an-
isotropic shf interaction constantbi . It is assumed that the
deviation of the shf tensors from axial symmetry (bi8) is
zero. For the quadrupole interaction, the parameterqi is used
~again axial symmetry is assumed, e.g.,qi850!. The shf in-
teraction and the quadrupole interaction parameters are
lated to the principal values of the shf and quadrupole t
sors A= i and Q

= i by Axx,i5ai2bi1bi8 , Ayy,i5ai2bi2bi8 ,
Azz,i5ai12bi and Qxx,i52qi1qi8 , Qyy,i52qi2qi8 ,
Qzz,i52qi . b i and b i8 are the angles between the sta
magnetic-field direction and thez axes of the principal axis
systems of the shf—and quadrupole—tensor, respectiv
n i

1 is the ‘‘sum’’ frequency wheremS52 1
2 and n i

2 is the
‘‘difference’’ frequency wheremS51 1

2 ~for details, see,
e.g., Ref. 7, Chaps. 5 and 6!.

The first step in the evaluation of the ENDOR data was
determine the chemical nature of the nuclei giving rise to
ENDOR lines. It can be seen from Eq.~5! that a specific
ENDOR line will shift if the magnetic fieldB0 is changed.
Since the resonance condition for the EPR transition ha
be fulfilled to measure ENDOR, the magnetic field can on
be varied within the EPR linewidth. The chemical nature
nuclei giving rise to the ENDOR lines could thus be det
mined by observing the shift of ENDOR lines as a functi
of the magnetic field~for details see Ref. 7!. The field shift
experiment could be performed on all four hf lines of t
EPR spectrum. The influence of the spin quantum state of
central nucleus~i.e., differentms,e f f for different mI ’s! on
the shift could be neglected for the ENDOR lines in t
low-frequency range. For these lines the additional shift d
to the change in the effective spin quantum numbermS,e f f
when changing from one hf line to another was smaller th
the resolution of the field shift experiment. For the ENDO
lines around 130 MHz this effect prevented a chemical id
tification of the nuclei. If more than one hf-split EPR lin
was used for the magnetic-field shift experiment, the po
tions of the ENDOR lines could not be followed due to t
superposition of too many lines. However, if the magne
field was varied within the width of one individual hf EP
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line, the shift of the ENDOR lines was too small for a
unambiguous identification. Only the sign of the slope of
shift could be determined. Besides the field shift experime
ENDOR lines arising from Ga nuclei could be identified b
cause the frequency positions of the ENDOR lines of the
Ga isotopes scale with the ratio of their nuclearg values
@gn(71Ga)/gn(69Ga)51.27# if the quadrupole interaction ca
be neglected. The shf interaction and the nuclear Zee
interaction are both proportional to the specific nucleag
value.

Figure 3 indicates the assignment of the ENDOR lines
specific nuclei surrounding the defect, i.e.,69Ga, 71Ga, and
75As nuclei. No impurity neighbors were detected. The lin
in the frequency range 110–160 MHz must be due to75As
nuclei, although, it was not possible to identify the nuc
responsible for those lines with the field shift experiment
mentioned above. On the other hand, if the lines had b
caused by Ga nuclei, the two Ga isotopes would have ha
be seen. However, in that frequency range no pairs of E
DOR lines with a ratio of the frequency positions of 1.2
were observed. From the positive slope of the field shift
the ENDOR lines, we inferred that only themS52 1

2 branch
~the ‘‘sum’’ frequency! was measured~assuming that Wsh f
.0!. It is often observed that only the sum frequency can
detected with ENDOR for a certain neighbor shell. The co
plex relaxation behavior of the electron-nuclear spin sys
is probably responsible for this effect.

The ENDOR signals in the highest-frequency ran
~240–280 MHz! must be due to higher-order transitions, ot
erwise, the shf interaction causing these lines would
;500 MHz. A shf interaction of about 500 MHz is not con
sistent with the individual linewidth of the four hf lines o
the EPR spectrum. A shf interaction of only one nucleus~As
or Ga! with 500 MHz would cause a linewidth of more tha
50 mT. However, the measured linewidth is only 45 m
With the assumption thatDmI562 ENDOR transitions of
the As nuclear spins are responsible for the lines in the ra
110–160 MHz, the high-frequency lines can be explain
We conclude that the lines around 130 MHz~and those
around 260 MHz! are due to the first75As shell since it is
expected that the nearest-neighbor shell of a defect will h
the highest shf interaction.

The lines in the low-frequency range~14–40 MHz! must
be due to more distant Ga and As nuclei with the As lines
this low-frequency range due to a higher arsenic shell~see
Fig. 3!. For an As interstitial, it would be expected that t
shf interactions of the As and Ga nuclei in the nearest ne
borhood would be the same order of magnitude. Howe
some As-ENDOR lines were at a much higher frequen
than any Ga-ENDOR lines. Hence, the shf interactions of
As nuclei causing the high-frequency lines must be mu
larger than those for the gallium. We conclude that the de
has only As atoms in the nearest-neighbor shell and, t
must be AsGa related and not an As interstitial.

For the structural analysis of the AsGa-X2 defect, the
MCDA-ENDOR spectrum in the frequency range 110–1
MHz @see Fig. 4~a!# is very important. It yields information
about the nearest~first! As shell and, therefore, informatio
about the symmetry of the defect. Because of effects
pseudodipolar coupling10,11 it was not possible to precisel
analyze the angular dependence of the As lines in the 1
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160 MHz range. However, even a crude estimate of the
interactions together with the measured EPR linewidth s
fices to decide on the number of equivalent nearest As ne
bors and thus determine the most important structural
ture. Therefore, the analysis of the first As shell took place
a three-step process. First the shf interaction of this shell
estimated in a first-order approximation. Then, an EPR li
shape analysis was performed with the estimated shf inte
tion of the first As shell used to decide on the number of
equivalent neighbor nuclei of this shell. In the last step a f
diagonalization and a spectral analysis of the ENDOR sp
trum for the magnetic field parallel to the@100# direction was
performed to get a more precise estimate of the shf and q
rupole parameters of the first As shell.

The linewidth of an inhomogeneously broadened E
line of a paramagnetic defect can be calculated using the
interactions of the neighbor nuclei~see, e.g., Ref. 7!. For this
linewidth calculation we only took into account a crude e
timate of the shf interaction in the following way. From Fi
4~a!, we estimatedWsh f of the nearest As shell for the@100#
direction of the magnetic field using Eq.~5!. In this first-
order estimate we made crude assumptions on the symm
For B0 parallel to thez axis, assumed to be the@100# direc-
tion, the shf interaction would be;250 MHz. If the defect
had tetrahedral symmetry, the first As shell would consis
four equivalent As atoms. In order to obtain a smooth en
lope curve for the calculated MCDA-EPR line as found
the experiment~Fig. 1!, a minimum width of 7 mT was
chosen for each individual As shf line. The additional broa
ening of the EPR line from higher shells is taken into a
count by this individual width of each As shf line. The ha
width of the calculated EPR line, assuming four equivale
As neighbors having a shf interaction of 250 MHz each a
taking the smallest possible individual linewidth of 7 mT,
53 mT~full width at half-maximum!. This value is the lowest
limit of the half-width under the assumption of four equiv
lent As neighbors. It is large compared with the measu
linewidth of (4562) mT. The assumption of three equiva
lent As nuclei in the first shell gives a half-width of approx
mately 44 mT, which is in better agreement with the expe
ment. The result for two nuclei in the first As shell is 36 m
This is too small. Thus, we conclude that the first As sh
consists of three nuclei.

The highest symmetry of a defect with three As nuclei
its first shell is trigonal (C3v). It cannot be ruled out that the
symmetry is lower (C1h). In the following, we assume trigo
nal symmetry. Then, there are four defect orientations, c
responding to each of the four^111& directions. The splitting
of the first two As shells around a Ga site into subshe
when the symmetry is lowered from tetrahedral to trigona
described in Table III. The shf and quadrupole tensors of
As nuclei of the first As shell have monoclinic symmetry~for
short: the first As shell has monoclinic symmetry!. Thez and
thex axes of the principal axes systems of the shf and qu
rupole tensors of this monoclinic shell must be located in
~110! plane that contains the AsGa nucleus and the ‘‘dis-
torted’’ fourth As site. Figure 5 shows the two subshells@I a
andI b# for the first As shell for the two trigonally symmetr
defect models proposed by v. Bardeleben and co-worker3,6

Three Euler angles~a,b,g! are necessary to describe the o
entation of such a tensor. Because of the orientation of thz
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TABLE III. The splitting of the neighbor shells into subshells around a Ga lattice site, if the symme
lowered from tetrahedral (Td) to trigonal (C3v).

Lattice Tetrahedral Trigonal
Atom Distance~Å! Number of nuclei Symmetry Number of nuclei Symmetry Symbo

As 2.45 4 trigonal 3 monoclinic Ia

1 trigonal Ib
Ga 3.99 12 monoclinic 3 monoclinic IIa

6 triclinic IIb

3 monoclinic IIc
As 4.68 12 monoclinic 3 monoclinic IIIa

3 monoclinic IIIb
6 triclinic III c
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andx axes of the principal systems of the tensors, two of
Euler angles~a andg! are not free parameters.b is the angle
between thez axis of the principal system of an interactio
tensor and the@100# direction. b554.74° for the first As
shell would mean that thez axes of the respective tenso
would exactly point to the Ga lattice site on which the AsGa
atom would be located if the defect hadTd symmetry. A
deviation from this angle indicates a distortion of the def
from Td .

The large shf interaction (;250 MHz) causes higher
order effects, which produce additional splittings. If the thr
nuclei in the shell are equivalent, which is the case
B0i@100#, the pseudodipolar coupling is important. The n
clei interact with each other via the electron spin. The s
state of a specific nucleus influences the quantization axi
the electron spin. This changes the shf interaction with ot
equivalent nuclei. The pseudodipolar coupling produce
multiplet structure for each ENDOR line. If a quadrupo

FIG. 5. The two different models for the AsGa-X2 defect. ~a!
The distorted AsGa

2 ~Ref. 6!, where the AsGa atom is moved along
the @111# direction towards the interstitial position~planar As con-
figuration!. ~b! The AsGa-VAs with an As vacancy@ I b# in the next-
neighbor shell~Ref. 3!. The AsGa atom is relaxed towards the A
vacancy. The arrows indicate the direction of thez axes of the
principal systems of the shf tensors of the three equivalent
neighbors. They point to a location 20–30 % of the bond length
the regular AsGa position. For the AsGa-VAs model it was assumed
that the AsGa atom is relaxed to this point. The angleb ~see Table
IV ! was assumed to be 70° as determined from experimenb
554.74° for AsGa on a regular lattice position.
e

t

e
r
-
n
of
er
a

interaction is not considered, this multiplet structure is det
mined by the total nuclear spinsI g that are combined from
the individual nuclear spins of the equivalent nuclei. T
splitting within this structure is of the order o
2Wsh f

2 /(mBgB0). For three equivalent nuclei each with
spin of 3/2, the maximum total spin isI g,max59/2. Allowed
ENDOR transitions can take place within thisI g,max mani-
fold. Therefore, 23I g,max59 allowed lines are expected
The relative intensity of these lines depends on the statis
weights of the different possibilities to combine to a spec
total spinI g and on the relative probabilities of the differe
transitions within the manifolds of theI g values. If a quad-
rupole interaction is present, the situation is much more co
plicated. Another complication is the fact that forbidden tra
sitions can become quasiallowed due to the pseudodip
coupling effects. For further details, the reader is referred,
example, to Refs. 10 and 11.

For the calculation of the spectrum~Fig. 4!, neither Eq.
~5! nor the effective spin approximation, where the electr
spin operator in the Hamiltonian@Eq. ~4!# is replaced by the
effective electron spin and the nuclear spins are assume
be independent from each other, is sufficient. In the effec
spin treatment of the Hamiltonian, the diagonalization is o
performed for the ‘‘reduced’’ nuclear spin matrices. Becau
of the large shf interactions of the three As nuclei~about 250
MHz!, the full matrix including the electron spin and th
three As nuclear spins of the spin Hamiltonian had to
diagonalized. The influence of the hf interaction on t
MCDA-ENDOR spectrum was neglected. It produces a s
that is equal for the ENDOR lines of eachmS branch. In the
ENDOR experiment the magnetic fieldB0 is set to one spe-
cific hf-split EPR line. Therefore, all measured defects ha

s
ff

TABLE IV. shf interactions of the neighbor shells, Ia , IIc,b , and
III b . The As atoms of shell IIIb are those near to the As vacanc
The Ga atoms of shell IIc are those nearer the vacancy, those ofb

the one in the plane of the AsGa.

Shell
a/h

~MHz!
b/h

~MHz! Symmetry

1. 75As-shell (Ia) 25265 2465 monoclinic
2. 75As-shell (IIIb) 47.660.1 1.6560.05 monoclinic
1. 69Ga-shell (IIc) 42.360.1 1.460.05 monoclinic
2. 69Ga-shell (IIb?) '17 '0.6 triclinic
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TABLE V. Euler angles orientations of the shf tensors.

Shell
a a

~degrees!
b b

~degrees!
g c

~degrees! Symmetry

1. As shell (Ia) 0 7065 45 monoclinic
2. As shell (IIIb) 0 062 45 monoclinic
1. Ga shell (IIc) 0 4062 45 monoclinic
2. Ga shell (IIb?) ? ? ? triclinic

aThez and thex axes of the principal systems of the shf tensors of the monoclinic shells must be loca
a ~110! plane which contains the AsGa nucleus and the distorted fourth As site. Therefore, the anglesa and
g of these shells are not free parameters.

bb is the angle between thez axis of the principal system of the shf tensor and the@100# direction. b
554.74° for the first As shell would mean that the system is not relaxed~for example, a system withTd

symmetry!.
cSee note a.
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the same quantum numbermI of the spin of their centra
nuclei. The spectrum of Fig. 4~a! was recorded on the low
field EPR line~725 mT!. For this line the shift due to the h
interaction is 1.4%. The result of this shift is that the s
parameters obtained from a fit of themS521/2 branch are
reduced by 1.4%.

The matrix of the spin Hamiltonian for the first As she
has a dimension of 128~three nuclear spins of 3/2 and on
electron spin of 1/2!. The matrix consists of two subsystem
for eachmS branch. Within such a subsystem with a dime
sion of 64, ENDOR transitions are possible. That leads t
number of (2

64)52016 transitions for each subsystem. B
cause we only measured the sum frequency~see above!, we
have to consider 2016 transitions. From our calculations
turned out that most of them have a negligible transit
probability, e.g., are forbidden transitions.

First, the shf and quadrupole parameters of the first
shell were estimated by a least-squares fit of the ang
dependence of the MCDA-ENDOR lines with the appro
mation of an effective electron spin.7 Then, the parameter
were determined by the ‘‘best’’ fit of the calculated spectru
to the experimental spectrum with the full diagonalization
the Hamiltonian. In Fig. 4~b! the calculated MCDA-ENDOR
spectrum forB0i@100# with the shf and quadrupole interac
tion parameters from Tables IV, V, and VI~first As shell! is
shown. The MCDA-ENDOR spectrum in Fig. 4 is a supe
position of several hundred lines! A linewidth of 1 MHz fo
each MCDA-ENDOR line was assumed. This width is a re
sonable value for the MCDA-ENDOR lines in GaAs. It wa
measured in the low frequency range where the pseu
dipolar coupling can be neglected. The frequency positi
of the individual MCDA-ENDOR lines are illustrated in Fig
4~c! ~stick spectrum!.

For the analysis of the ENDOR lines in the lowe
frequency range 12 to 40 MHz~higher shells!, we kept the
assumption of trigonal symmetry. In Table III, it is show
that the second As shell of a defect on the Ga sublattice w
Td symmetry splits into the subshells IIIa , III b , and IIIc
when the symmetry is lowered to C3v . From the angular
dependence it is not possible to unambiguously assign
ENDOR lines arising from As nuclei in the low-frequenc
range to one of these subshells. We attributed these ars
ENDOR lines to the monoclinic subshell IIIb . Under this
assumption, thez axes of the principal systems of the s
f
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tensors of this subshell would be oriented parallel to
^100& directions (b50°) and would point to the lattice site
I b . This assumption will be justified in the discussion in t
next section about the spin density distribution. We assig
the observed Ga ENDOR lines to the monoclinic subshellc
and tentatively to the subshell IIb , for which the interaction
parameters could only roughly be estimated. No quadrup
interaction was observed within experimental error. The
parameters are collected in Tables IV and V.

Using the shf parameters for all measured shells for
@100# orientation of the static magnetic field, the EPR lin
width was recalculated. The resulting half-width with thr
As nuclei in the first As shell is 46 mT. This is in very goo
agreement with the measured width of (4562) mT. If the
linewidth is calculated with three As nuclei in the first she
the linewidth is not noticeably increased by taking into a
count an additional fourth As nucleus~on the ‘‘distorted’’
fourth As site! with a shf interaction up to 120 MHz. This
nucleus if present on site Ib would show a trigonal angula
dependence of its ENDOR lines, which was, however,
observed.

IV. DISCUSSION

The main result of our ENDOR analysis is that th
AsGa-X2 defect has a trigonal C3v or the lowerC1h symme-
try and that there are only three As nuclei with a large
interaction (;250 MHz) in the first shell. These results a
consistent with the two models of paramagnetic As antis
related defects: the AsGa-VAs and the isolated but distorte
AsGa

2. Both models were proposed by v. Bardeleben a
co-workers3,6 and are shown in Fig. 5.

In the model of a distorted AsGa
2 defect, the central AsGa

nucleus is moved to an off-center position along the@111#
direction towards the interstitial position because the bo
between the AsGa and I b atom is assumed to be broken, i.e

TABLE VI. Quadrupole parameters of the first As shell.

q/h
~MHz!

q8/h
~MHz!

a a

~degrees!
b

~degrees!
g

~degrees!

0.960.3 060.3 0 16565 45

aFor the definition of the Euler angles see the notes in Table V
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missing an electron@see Fig. 5~a!#. This means there ar
three equivalent As neighbors@labeled withI a in Fig. 5~a!#
and that the fourth As neighbor~labeledI b! should have only
a very small shf interaction. The shf interaction tensor of t
fourth As neighbor would have trigonal symmetry. Thez
axis of the principle system of the shf tensor would po
along the@111# direction towards the AsGa atom. This fourth
As nucleus with trigonal symmetry (I b) must have a shf
interaction not larger than 120 MHz, as shown by the E
linewidth analysis. The ENDOR lines of an As nucleus up
a maximum shf interaction of 120 MHz are expected to
below 70 MHz. A careful search for ENDOR lines wit
trigonal symmetry~having a maximum frequency in th
@111# directions! failed to detect As ENDOR lines below 7
MHz.

Another argument against the model of the distor
AsGa

2 is the orientation of the shf tensors of the thr
equivalent As neighbors of the first shell (I a). From Table V
it can be seen that the angleb of the shf tensor has a value o
70°. A larger angle than 54.74° indicates that thez axes of
the principle systems of the shf tensors of the first As sh
(I b) point to a location between the regular AsGa position
~Ga site! and theI b site. If the angle is smaller than 54.74
thez axes would point to a location between the regular AGa
position and the interstitial site. Thez axes of the shf tensor
of the first As shell point to the center of the spin dens
distribution. Sinceb'70°.54.74°, it is inferred that this
center of spin density distribution must be located betw
the regular AsGa position and the lattice siteI b . For a dis-
torted AsGa

2 defect this is a region of low spin density, sinc
the bond between the AsGa atom and the fourth As neighbo
I b is broken. Thus, the largeb value does not favor the
AsGa

2 model.
A model, which reasonably explains all ENDOR data,

the AsGa-VAs an AsGa with an As vacancy in the first As
shell. This model is shown in Fig. 5~b!. From now on, we
shall refer to the defect as AsGa-VAs . From calculations of
the spin density distribution of the unrelaxed AsGa-VAs de-
fect in its paramagnetic charge state, it was concluded
this configuration has the character of the As vaca
(VAs).

12 Most of the spin density would be located at t
vacancy. After the introduction of a relaxation of 30% of t
bond length of the AsGa nucleus towards the As vacancy, th
highest spin density would appear at the AsGa.

12 No relax-
ations of the neighbor atoms were considered. If we assu
that the AsGa atom is located at the center of the spin dens
the deviation of the shf tensor angleb of the first As shell
would indicate a relaxation of the AsGa atom towards the As
vacancy of about 20–30% of the bond length. This would
in excellent agreement with the calculations of Delerue.12 On
the other hand, if the total measured spin density is ca
lated from our shf data within the linear combination
atomic orbitals~LCAO! approximation; see Ref. 13, the h
and shf interactions can account for only 50% of the s
density. Most of this spin density is located at the AsGa atom
and its three As neighbors~14% at the AsGa atom and 27% at
the three As neighbors!. It is possible that a large amount o
spin density is located in the As vacancy, which we can
measure with ENDOR. This would mean that the AsGa atom
is not the center of spin density and the relaxation of
AsGa atom cannot be estimated from the shf tensor angle
s
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the first As shell. A further indication of this situation is th
orientation of the shf tensor angles of the As shell IIIb . In
our assignment of the ENDOR lines to the As shell IIIb , the
z axes of the principle systems of the shf tensors of this s
point to the As vacancy. This would indicate that a subst
tial spin density is located at the As vacancy.

Another calculation was carried out by Poykkoet al.14 for
the diamagnetic (AsGa-VAs)

1 state. There the relaxations o
the neighbor atoms were taken into account. Unfortunat
it was not possible to calculate the neutral paramagnetic s
with their method. For the positive charge state, they fou
several stable configurations of the defect. Besides
(AsGa-VAs)

1, which turned out to be the most stable on
they found theVGa

1 and the (VGaAs-Asi)
1 configuration to

be stable. The (AsGa-VAs)
1 would have trigonal symmetry

(C3v) even if neighbors are allowed to relax. A relaxation
the AsGa nucleus of 12% towards theVAs was calculated.

According to Ref. 14, the states of the (AsGa-VAs)
0 defect

can be created by a hybridization of the states of the dou
vacancyVGaAs with an As atom. In this picture the unpaire
electron of the neutral state occupies ana1 state. Therefore,
no spontaneous lowering of theC3v symmetry is expected. I
is known that the isolated AsGa defect is paramagnetic in it
singly positive charge state and that the spin density a
AsGa atom is approx. 18% as calculated in Ref. 1. Therefo
it can further be assumed that the AsGa of the neutral com-
plex bears a positive charge~spin density at the AsGa atom is
14%!, whereas theVAs is negatively charged. With this
model the quadrupole interaction of the AsGa nuclear spin,
estimated from the occurrence of the forbidden EPR tra
tions, can be qualitatively understood.

A rough estimate for the quadrupole interaction of t
central AsGa nucleus, caused by an elementary charge
given by the following equation~see, e.g., Ref. 7!:

q5
e2Q~12g`!

2I ~2I 21!4pe0R3 , ~7!

whereQ is the quadrupole moment of the nucleus,e is the
elemental charge,e0 is the electrical field constant,R is the
distance of the nucleus from the point charge, and (12g`)
is the Sternheimer anti-shielding factor for a charge outs
the core of the atom. (12g`) is 40 for As.15 For a point
charge of one andq520 MHz as estimated experimentally
a distance of 60% of that between the unrelaxed AsGa atom
and the As vacancy was calculated. This would favor
assumption that the AsGa atom is relaxed towards theVAs
@see Fig. 5~b!#.

A further reason for a quadrupole interaction may be
electric-field gradient arising from the unpaired spin dens
moving in ap orbital only:16

q~Ps!5
Se2Q~12g!

2I ~2I 21!e0m0gegNmBmN
b~Ps!, ~8!

where (12g) is the atomic antishielding factor, which is no
known and which is expected to be approximately one,m0 is
the magnetic induction constant,S is the electron spin, and
b(Ps) is the anisotropic hf parameter without contributio
from a point dipole-dipole interactionbdd . The maximum
anisotropy of the hf interaction which would not be resolv
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in the MCDA-EPR spectrum from an angular depende
would be about 50 MHz~this corresponds to a total splittin
of the hf quartet of 4.5 mT!. An estimate of the maximum
quadrupole interactionq(Ps) with b(Ps)550 MHz gives a
value of only 3 MHz. Therefore, the main contribution to t
quadrupole interaction must arise from a charged constitu
in the neighborhood of the AsGa nucleus like the negatively
charged vacancy in the AsGa

1-VAs
2 configuration.

V. CONCLUSIONS

The AsGa-related defect produced by electron-irradiati
in n-type GaAs was investigated with MCDA-EPR/ENDO
techniques. From the MCDA-EPR spectrum it was sho
that the defect has a central As atom. The microwave po
dependence of the MCDA-EPR spectrum was explained w
forbidden quadrupole-induced transitions of the AsGa
nucleus. A quadrupole interaction of the central AsGa
nucleus, which is not directly resolved in the MCDA-EP
spectrum, was estimated to beq52065 MHz from the rela-
tive intensity of these forbidden MCDA-EPR transition
From the existence of this quadrupole interaction, it was f
ther concluded that the defect symmetry is lower thanTd .
With MCDA-ENDOR measurements the shf interaction
-
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Sc
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the first As shell was resolved. This shf interaction is on
consistent with the MCDA-EPR linewidth, if three As neigh
bors are assumed, supporting the results from the EPR po
dependence that the symmetry is lower thanTd . It is con-
cluded that the AsGa-related defect is not the distorted AsGa

2

because the fourth As neighbor was not found and becau
high spin density was found in a region where a low sp
density would be expected. All observations are consis
with the model of an arsenic antisite with an arsenic vaca
in the nearest-neighbor position (AsGa-VAs). There is evi-
dence for a relaxation of the AsGa atom towards theVAs .
This would be in agreement with theory. The quadrup
interaction of the central nucleus was estimated to be con
tent with a charge distribution where a positive charge
located at the AsGa nucleus and a negative charge is locat
at theVAs .
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