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Optically detected electron-paramagnetic-resonance investigations
of the substitutional oxygen defect in gallium arsenide
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The substitutional oxygen defect in GaAs has been investigated with magnetic circular dichroism of the
absorption, optically detected electron paramagnetic resonance, and optically detected electron-nuclear double
resonancéODENDOR). The ODENDOR spectra can be explained with an oxygen atom occupying an As site
displaced from a regular lattice position along 200y direction. The superhyperfine interactions and spin
densities for several As and Ga neighbors have been determined. The experiments support a model in which
the oxygen atom is bonded to two Ga atoms and which shows similarities t@\ thenter in silicon.
[S0163-182697)03339-0

I. INTRODUCTION sorption of left and right circularly polarized light propagat-
ing along an external magnetic field, was determined in com-
The electrically active oxygen defe®,,) in GaAs has bination with a linear polarizer and an optical stress
become a matter of considerable interest in recent yearsnodulator via a lock-in technique.
From local vibrational mode spectroscofyVM) it was In order to measure ODENDOR of the first Ga shell of
suggested that an oxygen atom binds with two Ga atomsO as the frequency range of the rf system had to be extended
i.e., is displaced from a regular lattice position. Three differ-to 400 MHz. This required considerable modification of our
ent LVM-line groups belonging to three different charge electron-nuclear double resonan&@&NDOR) apparatus. Due
states of the Qs (A, B, andB’) were detected Recharging to the cavity design, the two ENDOR coils have to be con-
experiments have demonstrated the negadtlveharacter of nected symmetrically to the rf source. However, commercial
this defect Similar experiments using magnetic resonancef amplifiers have asymmetrical outputs with an impedance
techniques revealed that ti#&' state is the paramagnetic of 50 ). Another difficulty in achieving a good coupling of
one? B’ is a metastable state. mtype GaAs only the dia- the rf output of the amplifier to the ENDOR coils at frequen-
magnetic ground staf is occupied upon cooling the sample cies above 100 MHz is the length of the rf lines. The distance
in the dark. from the top of the cryostat to the ENDOR coils in the cavity
Details of the microscopic and the electronic structure ofis approximately 1.2 m. For frequencies above 100 MHz the
the defect are not yet fully understood. In this paper, usingength of the rf lines is of the order of the rf wavelength. This
optically detected electron-nuclear double resonancéeads to a transformation of the impedance along the rf line
(ODENDOR) measurements the structural model for this desesulting in a strong variation of the rf amplitude at the EN-
fect is investigated and discussed. The “off center” modelDOR coils. To avoid resonances of the rf system and to
proposed from LVM is essentially confirmed and the super€nsure a smooth and small variation of the rf amplitude when
hyperfine(shf) interactions with many shells of lattice nuclei tuning the frequency, we symmetrized the rf line from the
were determined. A preliminary account of the ODENDORamplifier with a so-called balun, which was realized with a

results were given in Ref. 5. line transformef. The two ENDOR coils in the cavity were
connected with four coaxial lines with an impedance ofb0
Il. EXPERIMENTAL DETAILS to the balun. The rf setup showed no resonances due to im-

pedance tranformations. In the low-frequency range the rf

The investigated GaAs crystal was grown with the hori-current is determined by the output impedance of the rf am-
zontal Bridgman technique in our laboratory using quartzplifier, and in the high-frequency range it is limited by the
crucibles. The sample was slightlytype and the position of impedance of the ENDOR coil§The inductivity of the coils
the Fermi level was determined by temperature-depender¢ approximately 10 nHl.
Hall-effect measurements to be 430 meV below the For further experimental details the reader is referred to
conduction-band edge. IR-absorption measurements showdkf. 7.
strong LVM lines of the Qg defect. The magnetic circular

dichroism of the absorptiofMCDA), optically detected IIl. RESULTS
electron paramagnetic resonaf@DEPR, and ODENDOR
measurements were performed irKeband (v = 24 GH2 After cooling the sample in the dark, the well-known

spectrometer. ODEPR was detected as a microwave-inducddCDA spectrum of EL2" is found (curve a in Fig. 1).
change of the MCDA. ODENDOR was measured as an inAbove 1.4 eV, an MCDA band of an unknown defect is
crease of the ODEPR signal due to NMR transitions induceguperimposed on the MCDA &L2" in this spectrum. The
by rf. A cooled germanium detector was used to measure th®ICDA of the EL2" above 1.4 eV is represented by a
transmitted light. The MCDA, which is the differential ab- dashed line.
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FIG. 1. (a) MCDA measured with normal light intensity at 1.5
K, B=2 T (b) MCDA after illumination with 1.17 eV lightbleach- 3040 F50 60(MH )70 80 90
ing of EL2). The signal at 1.47 eV is due to an unknown defect. requency z
It is surprising that this charge state BL2, EL2", is FIG. 3. ODENDOR-spectrum of the Qdefect forB||(100 and

measured considering the position of the Fermi level. Thi$l(110 measured in the center of the ODEPR line of Fig. 2.

observation can be explained by considering that the sample ) ) ) ) )
is illuminated with light during the measurement, which re-nucleus is observed. The linewidth is of Gaussian shape and

o can be explained with unresolved shf interactions with the
neighbor nuclei of the defect. To obtain more information
about these interactions ODENDOR measurements were per-
EL2°+hv—EL2"+e”, A+e —B’, B +e —B. formed.

(1) ENDOR lines were detected in the frequency range
) o 30-90 MHz and 150-360 MHz. ODENDOR spectra in the

After the bleathng oEL2 W|th light of 1.17 eV aF 15Ka 30-90 MHz range foB||(100) and B||(110), measured in

new MCDA signal appearsFig. 1, curveb), which was  the center of the ODEPR line, are shown in Fig. 3. A spec-

previously correlated to the paramagnetic s&ltef the Oas  trum, measured in the high frequency range 150-360 MHz
defect. In this MCDA an ODEPR line can be detect@®e  for the orientationB||(100) can be seen in Fig.(d). The

Fig. 2. The halfwidth @B, of this EPR line is 90 mT and  angular dependence of the ODENDOR lines was measured

the value of theg factor isg=2.01+0.005. The line is iso- rotating the crystal about p110] axis from By||[ 100](0°)

tropic within experimental error. The only isotope of oxygen g Byl[[111](54.74°) to By|[110](90°).

with a nonzero nuclear spin‘f0, I=5/2) is only 0.038% The frequency positions of the ODENDOR lines can be

abundant. Therefore, no hyperfine interaction with a centratz|culated using the following Hamiltonian:

sults in optically induced recharging processes of the
charge stated, B, andB’ (see Refs. 4, 8, and)5

10+ H=upgS -Bo+14S —gyvunl-Bo+1-Q'1
2 08+ €z shf nz q
E o064 2
&4 AB,, =90 mT with ez the electron Zeeman energy, shf the superhyperfine
2 0.4- interaction, nz the nuclear Zeeman energy, g the quadrupole
© interaction,A the superhyperfingshf) tensor,Q the quadru-
0 pole tensorug the Bohr magnetory the elta:c}rorg value,
B, the static magnetic fields the electron spinl, the nuclear
spin, uy the nuclear magneton, amyg, the nuclearg value.

The frequencies for ENDOR transitiotiselection rules for

500 600 700 800 900 1000 ENDOR:Am,= *+1 andAmg=0) in a first-order solution of
Magnetic Field (mT) the Hamiltonian with an electron spin 8& 1/2 are given by
i 1
FIG. 2. ODEPR line of the @ defect, measured at 1.32 eV AvE == W F MW, + B 3
after bleaching oEL2. V" Th |3 W= MW+ gnsenBol &)
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FIG. 4. (a) ODENDOR spectrum of the first Ga shell of the O Frequency (MHz)
defect forB||(100), Bo=875 mT;(b) calculated spectrum with the o ) ) _

calculated ODENDOR lines, the relative line intensities considerin the intermediate frequency region, the isotopes identified from
the transition probabilities and the abundances of the two Ga isdthe shift are labeled. The error in the determination of the frequency
topes; in (c) the %9Ga-%%Ga (lower-frequency rangeand the  Positions of the ODENDOR lines is approx. 0.1 MHz.
"'Ga-"'Ga isotope combination are shown;(ij the mixed isotope
combination is presented. problem, which complicated the analysis, was the overlap of
many lines. In particular, a superposition of many ODEN-
with DOR lines was observed in the high-frequency rafigig.
4(a)]. The first step in the evaluation of the ENDOR data was
Wgh=a+b(3 co$® — 1) +b’sinf®cog 26), to determine the chemical nature of the nuclei producing the
ODENDOR lines. It can be seen from E®) that a specific
W,=3q(3 co$®’ —1)+q’'sifO®’'cog24"), ENDOR line will shift if the magnetic field is changed. Since
the resonance condition for the EPR transition has to be ful-
mg=3(m;+m;,). (4) filled to measure ODENDOR, the magnetic field can only be
varied within the EPR linewidth. The chemical nature of
m,,m;, are the magnetic quantum numbers of the levels aspclei giving rise to the ODENDOR lines®dGa, 60.1%
sociated with the ENDOR tranSItlonWSm IS glVen in terms abundance7lGa 39. 9% 75AS 100% could thus be deter-
of the isotropic shf interaction constemtthe anisotropic shf mined by observing the shift of ENDOR lines as a function
interaction constants andb’. b’ is related to the deviation of the magnetic fieldfor details see Ref.)7 Because of the
of the shf tensor from axial symmetry. For the quadrupolelarge width of the ODEPR line, these magnetic-field-shift
interaction, the parametegsandq’ are used. The shf inter- experiments could be performed in the field range 820-910
action and the quadrupole parameters are related to the pritT. Examples of field-shift experiments are shown in Fig. 5.
cipal values of the shf and quadrupole tensérsandQ by The lines with the highest shf interactiorf§equency
Ay=a—b+b',Ajy=a—b-b’, A,~a+2b and range 150-360 MHzare due to Ga neighbors. This can also
Qux= —q+q’,ny: -g—-9',Q,,=2q9.0,5,0',ands’ are  be seen from the ratio of the frequency positions of the two
the polar angles of the magnetic field with respect to thegroups of lines in Fig. @), which is exactly the same ratio
principal axis systems of the shf and quadrupole tensor, reas that of the nucleag values gy of the two isotopes
spectively.»™ is the sum frequency Whems— —fandv™  [gn("*Galgy(®9Ga) = 1.27]. From the positive slope of the
is the difference frequency wheras= + 3. field shift of the ENDOR lines, it could be inferred that only
The signal-to-noise ratio of the measured ENDOR lineghe mg= — 3 branch (the so-called “sum” frequengywas
was very low, and it was difficult to follow a certain ODEN- measuredassuming thatWy,~0). It is often observed that
DOR line through the full angular dependence. Anotheronly the sum frequency can be detected with ENDOR for a



10 224 F.K. KOSCHNICK, M. LINDE, M.V.B. PINHEIRO, AND J. -M. SPAETH 56

certain neighbor shell. The complex relaxation behavior of
the electron-nuclear spin system is probably responsible for a)
this effect.

ENDOR lines of Ga neighbors were also found at lower
frequencies € 45 MHz). The lines in the intermediate range AB,,=80 mT
(50—90 MH32 are due to’®As interactions. No lines due to
oxygen isotopes were observed, as the only oxygen isotope
with a nuclear spin{’O) has a natural abundance of 0.038%.

For the structural analysis of the oxygen defect, the
ODENDOR spectrum in the high-frequency rarigee Fig.
4(a)] is very important. It yields information about the near-
est(first) Ga shell and, therefore, information about the sym-
metry of the defect.

From Fig. 4a), we estimatedN; in first order[Eq. (3)]
of this Ga shell for thé 100) direction of the magnetic field.
This first-order estimation was without any assumptions of AB, = 100 mT
the symmetry. If the magnetic field is parallel to tE00)
direction, the shf interaction was determined to be 410 MHz

and 520 MHz for®®Ga and’'Ga, respectively. If we assume ‘1' ‘ lh
_.111‘ hh._

b)

an on-center position of the oxygen, then the first Ga shell
consists of four Ga atoms. The linewidth of an inhomoge-
neously broadened EPR line of a paramagnetic defect can be
calculated using the shf interactions of the neighbor nuclei ) ) '
(see, e.g., Ref.)7For the linewidth calculation we only took 700 750 800 850 900 950 1000
into account the shf interactions estimated above, and we Magnetic Field (mT)

assumed four nuclei for the Ga shell. The result is repre-
sented by the stick spectrum of Figb& In order to obtain a
smooth envelope curve of the calculated ODEPR line,
r_nlnlm!Jm width of 30 mT was Chqsen fo_r each individual assumed four equivalent Ga nuclei. The stick spectra represent the
line, since the measured ODEPR litgee Fig. 2 also does positions of the individual shf-split EPR lines arising from the in-

not show any structure. The additional broadening of thge action with the first Ga shell. The broad lines that envelope the
EPR line from higher shells is taken into account with theggick spectra represent the convolution of the individual lines with

individual linewidth. The half-width of the calculated EPR Gaussians. The half-width of the Gaussians were chosen to be just
line, assuming four equivalent Ga nuclei and taking thearge enough to prevent a structure on the envelope curve. For
smallest individual linewidth of 30 mT, which avoids shf fyrther details see text.

structure in the ODEPR line, is 100 n{full width at half

maximum (FWHM) see enevelope in Fig(]. This value  gho)15 each consisting of two Ga nuclei. Therefore, it is ex-
is the lowest limit of the half-width under the assumption Of 5o ctaq that the shell with the highest shf interactions is a Ga
four equivalent Ga neighbors. It is too large compared withghe|| 45 measured. Because of the off-center position of the
the measured linewidth of 90 m(Bee Fig. 2 The assump-  ,yyqen the defect symmetry is orthorhombic. This leads to

tion of three equivalent Ga nuclei in the first shell gives agj, canter orientations, each along00) direction. In Fig.
minimum halfwidth of approximately 95 mT, which is also

too large. Therefore, we rule out that the first Ga shell con-

sists of three or four equivalent Ga nuclei. In Figa)6the [010]
result for two nuclei in the first Ga shell is given. The line-
width in this case is 80 mT. In this calculation, the individual
linewidth was increased to 35 mT to avoid any structure. The
value of 80 mT is the minimum ODEPR linewidth expected
for two equivalent Ga nuclei in the first Ga shell. It must be
pointed out that we do not know the exact value of the indi-
vidual linewidth at this stage of analysis and that we car
calculate an ODEPR linewidth of 90 mT with two equivalent
Ga nuclei assuming a larger individual linewidth than 35
mT. Thus, we conclude that the first Ga shell consists of twc
nuclei.

For the ENDOR analysis, we make the following assump-
tions justified by the linewidth discussion above.

The first Ga shell consists of two nuclei. Therefore, the FIG. 7. Nearest Ga and As shells for the orthorhombig, O
oxygen impurity must occupy an off-center position along adefect. The unpaired spin of the paramagn@&iccharge state is
(100 direction. In such a case, the nearest Ga neighbor sheabcated in the rebonded dangling bond between the two Ga atoms of
for tetrahedral symmetry splits into two monoclinic sub- the first Ga shell.

FIG. 6. Calculated linewidth of the EPR with the shf interaction
of the first Ga shell estimated in first order. (& it was assumed
Fhat the first Ga shell consists of two equivalent nuclei(ipwe

arsenic a *

oxygen| i
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TABLE I. shf interactions of the nearest-neighbor shelks) < TABLE II. Orientations of the shf tensors of the nearest-
(f) refer to positions in Fig. 7. neighbor shells in terms of the Euler anglgsis the angle between
the z axis of the shf tensor and tH&00) direction along which the
Shell a/h b/h b’'/h Symmetry oxygen atom is displaced. Tlzeand thex axes of the shf tensors of
(MHz) (MHz)  (MHz) the monoclinic shells must be located in ffElL0] plane that con-
o — tains the two neighbor nuclei of that shell. Therefore, the angles
1. Ga shell @) 402 57 monoclinic  and y of these shells are not free parameters.
2. %%Ga shell p) 54.9 5.1 1.7 monoclinic
1. "®As shell @) 135 8.5 1 monoclinic  Shell @ B Y Symmetry
2. ™As shell () 122 18 -7 triclinic (degrees (degress (degrees
3. "As shell ) 95 5 2 monoclinic P —
4. ™5As shell f) 45 5.5 5 triclinic 1. Gashell 0 56.5 45 monoclinic
2. °Ga shell 0 62 45 monoclinic
1. ™®As shell 0 43 45 monoclinic
7 the model for the off-center position of the oxygen in GaAs2. 75As shell 25 65 50 triclinic
is shown. Also indicated are the different subshells of Ga an@. 75as shell 0 46 45 monoclinic
As neighbor nuclei. The symmetries of these subshells werg 7sas shell 35 75 50 triclinic

taken into account for the ENDOR analysis.

In Fig. 4b) the calculated ODENDOR spectrum for
B||(100 with the shf and quadrupole interaction parametersstick spectrumd). The third effect is the occurrence of
from Tables I, I, and Il (first Ga shell is shown. This nuclear spin transitions where more than one nuclear spin
spectrum was calculated assuming a monoclinic Ga sheflips or where|Am;|>1 (forbidden transitions The prob-
consisting of two Ga atoms and the two isotoffé6a and ability of these transitions may be increased dramatically
"lGa both withl =3/2. The frequency positions of the indi- with a larger shf interaction.
vidual ODENDOR lines are illustrated in Fig.(4tick spec- The matrix of the spin Hamiltonian for one of the isotope
trac andd). The spectrum is a complicated superposition ofcombinations has a dimension of 8&vo nuclear spins of
many ODENDOR lines. In the stick spectrunmof Fig. 4 the  3/2 and one electron spin of 2/2Zl'he matrix consists of two
isotope combinations®°Ga-%°Ga (lower frequency and subsystems for eacmg branch. Within such a subsystem
"Ga-"'Ga (higher frequencyare shown for the two nuclei. with a dimension of 16, ENDOR transitions are possible.
The mixed isotope combinatiof®Ga-"'Ga can be seen in That leads to a number 0§ =120 transitions for each sub-
stick spectrund of Fig. 4. The relative intensities of the lines system and each of the three isotope combinations. Because
for these three isotope combinations due to their naturalve only measured the sum frequeriege abovg we have to
abundance is 2.25 : 3.0 : 1.0 f§fFGa-%9Ga : ®°Ga-"'Ga :  consider 360 transitions. From our calculations, it turned out
"1Ga-"'Ga, respectively. The calculated spectrfig. 4, that approximately two-thirds of these lines have a negligible
curveb, the details of the calculation are presented beglisw transition probability. Therefore, the ODENDOR spectrum
a superposition of the three combinations assuming a lingn Fig. 4 is a superposition of approximately 120 lines.
width of 1 MHz for each ODENDOR transition. This width  First, the shf and quadrupole parameters of the first Ga
is a reasonable value for the ODENDOR lines in Gd#ee  shell were estimated by a least-squares fit of the angular
Fig. 3 and also, for example, Ref.)10The overall agreement dependence of the ODENDOR lines with the approximation
with the experimental spectrum is satisfactory. of an effective electron spihThen the parameter were de-

For the calculation of the stick spectra, neither By.nor  termined by the “best” fit of the calculated spectrum to the
the effective spin approximation where the electron spin opexperimental spectrum with the full diagonalization of the
erator in the HamiltoniafEq. (2)] is replaced by the effec- Hamiltonian.
tive electron spin and the nuclear spins are assumed to be The As lines between 50 and 70 MHz cannot be described
independent from each other, is sufficient. In the effectivéddy only one As neighbor shell. Three As shells must be
spin treatment of the Hamiltonian, the diagonalization is onlyassumed in order to satisfactorily explain the number of As
performed for the “reduced” nuclear spin matrices. Becausdines. The shf interactions of these shells turn out to be rather
of the large shf interactions of the Ga nuclei with the electrorsimilar. The assumption of a paramagnetic oxygen on a tet-
spin (about 400 MHZ, the full matrix including the electron rahedral symmetry As site would lead to a first As shell of 12
spin and the nuclear spins of the spin Hamiltonian had to b&eighbors, a second shell of 6 neighbors, and a third shell of
diagonalized. The large shf interactions of the Ga nuclear
spins lead to three effects: One effect is the so-called pseudo- TABLE lll. Quadrupole parameter of the first Ga shell for the
dipolar splitting due to the indirect interaction between mag-sotope®®Ga. The angles marked with an asterisk are determined by
netically equivalent nuclear spins via the electron <piihe ~ Symmetry. Thez andx axis of the quadrupole tensor must be lo-
splittings of the ENDOR lines in the calculated Spectrumcated in thg 110] plane_ which contains the two Ga nuclgi.is the
(Fig. 4, stick spectrunt) are essentially due to the pseudo- 29le between the axis of the quadrupole tensor and {00
dipolar coupling. The second effect is a splitting, which @éction along which the oxygen atom is displaced.
looks like a quadrupole splitting. It is caused by the influence ,

. 2 - . qg'/h o B vy
of a nuclear spin on the quantization axis of the electron sp|r(‘1|vIH MU q q g
with which it is interacting. The nuclear spins need not be 2) (MH2) (degrees (degrees  (degrees
magnetically equivalent. Therefore, the splitting is also1.6 o 8 45
present for the®®Ga-"'Ga isotope combinatiofsee Fig. 4,
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TABLE IV. Neighbor shells for a defect on an arsenic lattice (1 —,) is the atomic antishielding factor, which is not

site (tetrahedral symmetyy known and which is expected to be approximatelyu3. is

the magnetic induction constarg,is the electron spin, and

Number of nuclei in a shell  Distand@) b(P,) is the anisotropic shf parameter after deduction of the
1. Ga shell 4 2.44 point dipole-dipole contributiorbyy (1 MHz for the first
1. As shell 12 3.95 %9Ga shell. An estimate of the quadrupole interaction pa-
2. Ga shell 12 4.67 rameterq for the ®°Ga isotope of the first Ga shell using Eq.
2. As shell 6 561 (6) and withb(P,) =56 MHz gives 1.4 MHz, which is very
3. Ga shell 12 6.13 close to the measured value of 1.6 MHz. For the arsenic
3. As shell 24 6.85 shells, the quadrupole interaction arising from the unpaired

spin density moving in @ orbital is too small to be resolved.

24 neighborgsee Table 1. However, the distances of the IV. DISCUSSION

second and third shell compared to the first shell are t00 Ap, o#.center model for the Q. defect similar to the off-

!arge to ex_plain three shf interactions with only a 30% spread.anter model for oxygen in silicorA(centet?) was proposed

n _values(_l.e., 95-135 MHz For a dee_p-level_ def(_ect the by Refs. 3 and 15. Figure 7 shows the neutral charge state in
spin density _roughly_ falls_ off exponentially with _d_|stance. this model. If an As atom is removed from its lattice posi-
This observation again points to_the off-center position of thetion, three electrons are left in the dangling bonds of the
oxygen as concluded fm”.‘ th_e first Ga shell. In such a Cas‘?emaining vacancy. If an O atom is added, two of the elec-
the nearest As shell splits into four subshelt&o with 4,05 are required for the Ga-O-Ga bonding. It is supposed
monocllnlc and FWO with tnqhmc ;ymmgtby The ENDOR ¢ this bonding is quite stable. The remaining electron is
lines were explained assum|ng_th|s Conflguratlon. In Tables |,.ated in the rebonded dangling bonds. This state is para-
and Il, the values of the shf interaction parameters of al agnetic. No large quadrupole interaction for such a para-

measured shells, obtained from the ENDOR analysis, arg,,qnetic defect is expected, because this state is neutral with
collected. No quadrupole splitting was observed for any AS‘respect to the lattice. The neutral state is Biestate. In

Shed' or thﬁ seﬁfond Ga shell.f i d shells. the ppgdualitative agreement with this model we observe a very
_Using the sht parameters for all measured shells, the EPYg o0 4 interaction, which contains the largest fraction of
linewidth was_c_alculat_ed again. The resulting half-W|qth_W|_th the unpaired spin density and several subshells of nearest As
two Ga nuclei in the fII‘S.t Ga shell is now 8_9 mT. This is in neighbors with comparable interactions. TAestate is the
very good agreement with the measured width of 90 mT and o \here the unpaired electron is removed:Bhetate is

shows that a large shf interaction was not overlooked. Witrthe one where the rebonded dangling bond is occupied by
I

the assumption of three and four Ga nuclei in the first she : : L
we obtained 102 mT and 115 mT, respectively, which is:,\,’)v]0 electrongnegativeU, since this is the ground staef.

definitely too large. Therefore, our ENDOR results confirm An approximation for the spin-density distribution of a

thethzdﬁ:epgxpczsrig);rooT th\éhﬂirgegzu;i?ﬁ%f% qua drupoledeep defect can be found with a linear combination of atomic
interactions were observed. A rough estimate for the quad(—)rbltaIS(LCAo) approximation(see, e.g., Ref. 14

rupole interaction of the nearest As neighbors, caused by a

point charge, is given by the following equati¢see, e.g., V=To+ > pV;. (7)
Ref. 7): !
¥ is the wave function of the defect/, is the wave func-
e2Q(1— v, tion of the central atom if present, and tHg are the wave
= . (5)  functions at the neighbor atoms of the defect. A hybridized
21(21-2)4meR® orbital in GaAs can be expressed as
Q is the quadrupole moment of the nucleass the elemen- Wi=ai(V4s)i+ Bi(Vap)i - (8

tal chargeg, is the electrical field constar is the distance : . o )
. ; The following conditions of normalization must hold:
of the nucleus from the point charge, and—(%.,) is the 2 2, 2 5. . . .
Sternheimer antishielding factor for a charge outside the corgi _12 azndai +Bi=1.n isthe sp;n genS'ty atthe neigh-
of the atom. (L v..) is 40 for As!? For a point charge of 1, PO'i- 7 ai=a;/ay is thes-like and ;57 =b; /b the p-like
a value of approximately 1 MHz is calculated for the first As d€nsity.a; andby are the shf parameters for the free atoms
shell. A quadrupole interaction of this magnitude was no@S: for exggmple, calculated by Ref. 16. Witl{As)= 14660
observed for the As shells, but would have been resolved, iMHG%' a;(™Ga = 12210 MHz,bs(As) = 334 MHz, and
present. Therefore, the defect must be in a neutral charg(” Ga = 204 MHz (Ref. 16 the values of Table V were

state. The quadrupole interaction of the first Ga shell can bgalculated. For nearly all the shells ap’ character is found.
explained with an electric-field gradient arising from the un-Within this simple model, we account for about 100% of the

paired spin density moving in p orbital only23 spin density with the measured shells. The majority of the

unpaired spin density60%) is located on the first Ga shell.

SEQ(1- ) At the two Ga atoms to which the oxygen i_s bouiseécond _

= (P,). (6)  Ga shell, only one-tenth of that amount is located. It is
21(21 —=2) €gp09eINMBIN interesting to compare the spin density for different As
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TABLE V. Distribution of the spin density on the nearest neigh- V. CONCLUSIONS
bors;n is the number of nuclei in a shella—(f) refer to positions . .
in Fig. 7. AL=(f) P With our ODENDOR analysis of thB' state of the sub-

stitutional oxygen defect @, we could show that the oxy-
Shell a2 B2 7 n n7? gen has an off-center position. It is moved along180
direction. Therefore, the defect has orthorhombic symmetry.

1.Ga shell §) 0.1 0.9 03 2 0.6 Our results confirm a recent LVM study of 0Q.° Because
2. Ga shell b) 0.15 0.85 0.03 2 0.06  we did not observe considerable quadrupole splittings for the
1. As shell @) 0.27 0.73 0.03 2 0.06  As shells, we concluded that the paramagnBfistate is the
2. As shell €) 0.14 0.86 0.06 4 0.24  neutral charge state of the ,Q defect in agreement with
3. As shell g) 0.30 0.70 0.02 2 0.04  previous magneto-optical studié€ur results confirm the
4. As shell ) 0.16 0.84 0.02 4 0.08 model proposed by Refs. 3 and 15. In addition, we could

by 1.08 estimate the spin-density distribution of the unpaired electron
spin of theB’ state for the first and second Ga shell and for
four As shells. The spin density is accounted for very well

shells. The second As shélabeledc in Fig. 7), which is  Within the LCAO approximation.

close to the first Ga shellabeleda in Fig. 7), has a much
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