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An arsenic-antisite-related defect producediitype GaAs by 2 MeV electron irradiation was investigated
using magnetic circular dichroism of the optical absorptiBfCDA), MCDA-detected electron paramagnetic
resonancéMCDA-EPR), and MCDA-detected electron-nuclear double resonéaht@DA-ENDOR). In com-
parison to several other arsenic-antisite-related defects, lik&Etl#e defect, the investigated defect has a
reduced hyperfine interaction with the central,Aatom (2050 MHz compared to 2650 MHz f&L2). 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 vacdi8§163-182¢08)06536-9

[. INTRODUCTION bond and hence it was negatively char§ed.
However, from EPR alone it was not possible to analyze
GaAs is one of the most used semiconductor materials. Itthe detailed microscopic structure of the defect. The high
direct band gap and high electron mobility lead to manyabundance of magnetic isotopes with a nuclear spin of
applications where high speed or IR light are involved, e.g.=3/2 of both lattice atoms in GaAs causes a large inhomo-
fast digital circuits and laser diodes. The electrical and optigeneous broadening of the hf-split EPR lines preventing the
cal properties of GaAs are influenced by intrinsic defectsresolution of the superhyperfinghf) interactions, i.e., the
The most prominent intrinsic defect in GaAs is tEd2 magnetic interactions betwe_en the unpaqed electron spin and
defect, a deep arsenic-antisite—relatdgg related double the nuclear spins of the neighbor nuclei. The resolution of

donor, which is responsible for the semi-insulatisg) char- the shf interactions is needed to establish a microscopic
acter ;)f nominally undoped, as-grown GaAs. By irradiatioandel'Y ENDOR measurements can resolve these shf inter-

with high-energy electrons intrinsic defects like Aselated actions. We performed MCDA-detected ENDOR measure-

defects can be artificially produced in concentrations that alfn ents that are more sensitive than conventional ENDOR,

L N . . . which was not successful for sensitivity reaséuss a result
low their investigation using magnetic resonance technlque%f our determination of the shf interactions and their analy-

such_as the magnetic circular dichroism of the optical "?‘b'sis, we propose that the AsX, defect is a complex defect
sorption (MCDA), MCDA-detected electron paramagnetic .,nsisting of an arsenic antisite with a vacancy in the first
resonance(MCDA-EPR), and MCDA-detected electron- 5.cenic shell (A&:Vad).

nuclear double resonan¢®ICDA-ENDOR).

A whole family of Asgsyrelated defects has been
identified? Besides th€EL2 at least three other Agrelated
defects are formed by electron irradiation of GaAs. Two of We used Te-doped liquid encapsulated CzochralgkC)
them were attributed to the isolated Aslefect and an anti- GaAs with a n-type carrier concentration of=3.4
structure paifAsgsGans (NNN), i.e., an Ag, with @ Ga an-  x 10" cm™2 at room temperature. The sample was irradiated
tisite (Ga) in the next-nearest-neighbor positidnThe at 4.5 K with 2 MeV electrons at the Forschungszentrum
EPR spectra of all three of those defects h&¥s hyperfine  Jilich. The irradiation fluence wasx10*” e~ cm 2 The
(hf) splittings almost undistinguishable from the hf structureirradiation fluence did not suffice to lower the Fermi level to
of the EL2.! In contrast, the so-called AgX, defect?®a a midgap position. After warming the crystal to room tem-
defect, which is produced by electron irradiation at roomperature, the As-X, defect was observed. The defect can
temperature im-type GaAs, has a reduced hf splitting com- also be produced by electron irradiation at room
pared to the other three Agrelated defects mentioned temperaturé.
above. The Ag- X, has an ionization level at 1.2 eV above = The MCDA, which is the differential absorption of left
the valence-band eddé.Its introduction rate is relatively and right circularly polarized light propagating along an ex-
large (1 cml). Investigations using different electron irra- ternal magnetic field, was determined with a linear polarizer
diation fluences and dopants suggest that the A& defect  in combination with an optical stress modulator via a lock-in
is an intrinsic defect without extrinsic constitueAt§enta-  technique. MCDA, MCDA-EPR, and MCDA-ENDOR mea-
tively, the model of an Agrelated defect with a nearest As surements were performed using a computer-controlled,
vacancy {/,s) was proposed by Bardeleben, Bourgoin, andcustom-built K-band spectrometervE 24 GHz). MCDA-
Moret? who performed conventional EPR measurementsEPR was detected as a microwave-induced change of the
Later, the same first author with others proposed the modéiICDA. MCDA-ENDOR was measured as an increase of the
of an isolated, but distorted As antisite defect with a brokedMCDA-EPR signal due to nuclear magnetic resonance

II. EXPERIMENTAL DETAILS
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Energy (eV) Magnetic field (mT) FIG. 2. Tracea: MCDA-EPR spectrum recorded under satura-
tion conditions with a microwave power of 18 dBm
FIG. 1. (8 MCDA spectra and(b) MCDA-detectedK-band (0 dBm=1 mW) at 1.287 eVT=1.5 K, and microwave frequency
EPR (MCDA-EPR) spectra of four different Ag:related defects. 24.08 GHz. The measured spectrum was calculated with excellent
The spectra of the four different arsenic antisite-related defectagreementtraceb) as a sum of the three less intense spectra. These
were recorded in different GaAs samplsse text The hf splitting  spectra were calculated assuming Gaussian lines and allowed tran-
of the Ag;1 X, defect is reduced by about 25% compared to thesitions (Amg=+1, Am,=0, dashed four-line spectrum marked
other “large” As antisite hf splittings. The measurement tempera-with 0) and forbidden transition§Amg=+1, Am,==*1, solid
tures were 1.5 K. The microwave power was chosen to behree-line spectrum marked witlt1), and Amg==1, Am,=
—20 dBm to avoid saturation broadening (0 dBthmWw). +2, dashed lines at the field positions of two of the allowed lines in
the middle of the spectrum marked with2). The innerAmg=
(NMR) transitions induced simultaneously with the EPR*1, Am==1 line has a smaller amplitude than the two outer
transitions by a radio frequency source. A cooled germaniunanes.
detector was used to measure the transmitted light. For fur-

ther experimental details the reader is referred to Ref. 7. The microwave power dependence of the MCDA-EPR
spectrum was studied. “Forbidden” transitions arose with
Ill. EXPERIMENTAL RESULTS increased microwave power. These transitions are not seen in

Fig. 1(b) which was taken at low power—20 dBm). An
A. MCDA-EPR measurements MCDA-EPR spectrum recorded with a microwave power of

Figure 1 shows the MCDAa) and MCDA-EPR spectra 18 dBm (0 dBm=1 mW) incident on the cavity, the highest
(b) of the four different arsenic-antisite—related defectspower available in our MCDA-EPR/ENDOR spectrometer,
[Asga, EL2, AssGays (Nnn), and Ag;+X,]. The four dif-  is shown as trace in Fig. 2. A double humped “camel”
ferent defects were measured in samples with differenspectrum was found. Detailed calculations were made to try
preparation conditions. The Asdefect was measured in SI and explain this spectral shape.
GaAs, which was irradiated with 2 MeV electrons at 4.2 K The MCDA-EPR spectral changes with microwave power
and kept below 77 K. Th&eL2 defect was measured in cannot be explained with the usual time-dependent, second-
as-grown Sl GaAs. The AgGa, (nnn) defect was ob- order perturbation theory, since in second order, the forbid-
served in S| GaAs which was electron irradiated at 4.2 K andlen transitions would be smaller than the allowed ones by a
warmed to room temperature, and thegAX, defect was factor of B2/BZ (whereB, is the oscillating magnetic-field
measured in Te-doped, electron-irradiated GaAs as describegnplitude of the microwaves a8, is the static magnetic
above. As is the case for the other arsenic-antisite—relatefield). In our experiments this factor is of the order of 10
defects having the “large” hf interaction, the MCDA-EPR for the maximum microwave power available. It will be
spectrum of the As; X, defect[see Fig. 1b)] yields little  shown below that the observation of forbidden transitions is
structural information. Within experimental error all the caused by the saturation of the spin system with high micro-
MCDA-EPR spectra of Fig. (b) are isotropic. The first three wave power. In MCDA-EPR, it is necessary to drive the
defects have almost undistinguishable MCDA-EPR spectranvestigated spin system away from thermal equilibrium, fa-
as clearly seen in Fig.(l). However, the Ag,-X, defect vorably into saturation to substantially change the spin popu-
differs from the others. The MCDA-EPR spectrum has fourlation of the Zeeman levels of the defect ground state. Oth-
hf lines with about equal intensity and width. From this it is erwise, one cannot observe a change of the MCDA due to an
inferred that the defect has affAs as a central nucleus EPR transitionsee e.g., Ref.)7

(nuclear spinl=3/2 and 100% abundanceA Ga central In Fig. 2 the long-dashed line shows the four hf lines
nucleus cannot explain the MCDA-EPR spectrd@a has whose peaks are labeled with 0. Forbidden lines with,
two isotopes:®°Ga (60.1% and "*Ga (39.9%, each withl = *1 would be located in the middle between the allowed hf

=3/2, but with different nuclear g factoisHowever, the lines(see Fig. 2 Forbidden lines witlAm,= =2 would be
MCDA-EPR spectrum alone cannot be used to determinsuperimposed on the two allowed hf lines in the middle of
whether the defect involves an As antisite or an As interstithe spectrumsee weak short-dashed lines in Fig. Pos-

tial. sible reasons for forbidden EPR transitions are a quadrupole
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TABLE I. Relative amplitudes of the allowed and forbidden MCDA-EPR transitions for different micro-
wave powergfor 18 dBm, see Fig. 2 In the line shape fitting to the spectra only the relative amplitudes of
the allowed and forbidden transitions were varied. The positions and widths of the lines were set in advance.
The lowest row in the table was calculated using B).and the parameters, andc, that were obtained
from a fit of Eq.(3) to the measured relative intensities at 18 dBnf, dBm, and— 12 dBm. The power of
—48 dBm was chosen because then no saturation occurs and the relative intensities of the allowed transitions
was exactly one. Therefore, the lowest line in the table gives the relative transition probabilities for the
respective forbidden transitions in comparison to the allowed ones.

Microwave power Am=0 Am;==1 (outer line3 Am;==*1 (central ling Am=+2
18 dBm 3000 3700 1700 2300
—2dBm 2800 900 500 400

—12dBm 1700 200 150 0
—48 dBm 1.0 0.030 0.016 0.012

interaction of the central nucleus, anisotropies ofghtensor  advance. Table | shows the results for MCDA-EPR spectra
and/or the hf tensor, and/or large shf interactions. Theecorded with different microwave powers. Figure 2 shows
anisotropies or large shf interactions cause a deviation of thior a microwave power of 18 dBm the individual spectra and
guantization axis of the electron spin from the magnetic-fieldheir sum[trace(b)].

direction if it is not parallel to the principal axes of both ~ The stationary population differencen=n_—n, of a
tensors. In such a case the three forbiddem = =1 transi- two-level system(+ for spin up and— for spin down, S
tions would occur with equal intensities. On the other hand=1/2) is

the forbiddenAm,==*1 transitions would not have equal

intensities in the case of a quadrupole interaction. A suppres- An Wy —W_ )

sion of the inner forbidden line is typical for forbidden tran- w_,+w,_+2R’
sitions caused by a quadrupole interaction. For a system Wit\r)vherew andw_ . are the relaxation probabilities from
an isotropicg factor, an isotropic hf interaction, and a quad- +- -F P

rupole interaction, the relative intensity of the forbidden Iinesthe statet to — anq vice versa, ang is the EPR transition
with Ams=+1 andAm,=+1 can be calculated with the probability, which is proportional to the microwave power

. : P,w- The MCDA is proportional to the population differ-
uW
following expressiort enceAn. Therefore, the microwave-induced change of the
2 MCDA, i.e., the MCDA-EPR effect AMCDA), is propor-

Int, (2 i .
nt. [M xm{(1+3)2-md), (1) tional o AN(P,y=0)=An(P,#0):

E - amg(mg—1)

c c
in which Int. are the intensities of the forbiddeamg= AMCDA:MCDA(O)—MCDA(PMwFC—l—ﬁ,
+1 andAm;==*1 transitions, Ir§ is the intensity of the 2 vz uw
allowedAmg=*1 andAm,;=0 transitionsa is the isotro-
pic hf interaction parameteq is the quadrupole interaction
parameterg is the angle between thteaxis of the quadru- CroeW_ W, . 3
pole tensor and the magnetic fidhly, mg is the spin quan-
tum number of the electron, ama, is the average of the two  The parameters; andc, were obtained for each transi-
nuclear spin quantum numbers involved in the transitiontion from a fit of Eq.(3) to the measured relative intensities
[(m,+m/)/2]. The relation of the hf and quadrupole param- of the respective transitions at the three different microwave
eters to the respective tensors are explained in Sec. 11l B; sg@wers shown in Table |. Because of the long spin lattice
also, e.g., Refs. 7 and 8. The quantum nuntbgis zero for  relaxation time of the Ag;X, defect at the measurement
the forbidden transition wittm,=1/2—m/=—1/2. There- temperature of 1.5 KT;=1/(w_,+w, _)~2g], its EPR
fore, this transition that corresponds to the central line of thesignals are saturated easily with the microwave power of 18
three forbidden lines witiAm, =+ 1 is suppressed. The in- dBm. With no saturation the MCDA-EPR signal would be
tensity of the forbidden lines withm, = +2 due to quadru- proportional to the microwave powgtAM CDA~(c,/c3)
pole effects is one order of magnitude smaller than those ok P ,y]. Saturation effects of the four allowed EPR transi-
the Am,= =1 lines® tions were already observed at a microwave power as low as

Assuming allowed and forbidden transitions and Gaussian- 12 dBm. The intensity of the allowed transitions increased
lines of equal width for the transitions, it is possible to try only by a factor of less than two when increasing the power
and synthesize the observed spectra. The relative amplitudey a factor of 1000(from —12 dBm to 18 dBm On the
of the allowed and forbidden MCDA-EPR transitions for dif- other hand, the forbidden transitions, which may have tran-
ferent microwave powers(18 dBm, —2dBm, and sition probabilities two orders of magnitude less than those
—12 dBm were determined with a least-squares fit to theof the allowed ones, increase linearly with the microwave
measured spectra. In the line shape fitting the positions angower until they too are saturated. Therefore, the relative
widths of the lines of the individual transitions were set inintensity of the allowed and forbidden transitions can be-

C10CW+7_W7+ ’
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TABLE Il. MCDA-EPR data of the Ag,— X, defect at 1.5 K.

hf interaction ) . ) ) . )
Quadrupole interaction FWHM of hf lines Spin lattice relaxation

g factor an; (MHz)  bp; (MH2z) g (MHz) ABy» (MT) T, (9

2.00£1 2050+ 30 <50 205 45+ 2 2505

come comparable under strong saturation, although the tramlefect had tetrahedral symmetry4), there would be no
sition probabilities of allowed and forbidden transitions arequadrupole interaction. Therefore, we conclude from the ob-
very much different. Using Eq3) and the parameters and  servation of the quadrupole-induced forbidden transitions in
c, for Asg;s X, at 1.5 K, it was shown that no saturation the MCDA-EPR spectrum that the AsX, defect must have
effects are expected for a microwave power-o48 dBm.  a lower symmetry thai .
However, in a measured spectrum with a microwave power The relative transition probability of the forbidden transi-
of —48 dBm, the forbidden transitions could not be observedions caused by anisotropies or a large shf interaction was
because of the small signal-to-noise ratio. Therefore, thestimated to be 0.016 compared to that of the allowed tran-
relative line intensities of the allowed and forbidden transi-sitions (see Table )l It can be shown that the ratio of the
tions were calculated using E@) and the parameters and  respective transition probabilities caused by an anisotropic hf
c, obtained from the fit described above. The calculated relainteraction roughly follows the square of the anisotropic hf
tive line intensities for—48 dBm are shown in the lowest interaction parametds,;, divided by the isotropic hf inter-
row of Table I. These relative line intensities have the samection parameteay;. If an anisotropy of the hf interaction
ratio as the respective transition probabilities. The apparentould cause this part of the forbidden transitiéd916, by
microwave power dependence of the relative intensities oWould be of the order of 200 MHz. On the other hand, no
the forbidden lines in comparison to the allowed ones isanisotropy of the MCDA-EPR spectrum of the AsX, de-
caused by the saturation of the allowed transitions. fect was detected. An anisotropy of the hf interaction as
From the analysis of the calculated relative intensities okmall as 50 MHz would have been seen. Similar arguments
the forbidden lines at-48 dBm, where no saturation effects can be applied for an anisotropy of thgetensor. Therefore,
occur, we decomposed these intensities into a contributioprobably the large shf interactions of the first As shell of the
that must be caused by a quadrupole interactiancentral defect(~250 MHz, see Sec. Il Bare responsible for for-
line) and into another contribution that is probably caused bybidden transitions with equal intensities for the outer and
anisotropies or a large shf interaction. The “outer” forbid- central lines. Numerical calculations of this effect showed
den lines withAmg=+1 andAm,=+1 at 794 mT and 945 that this is a reasonable explanatibfihe data deduced from
mT (see Fig. 2 have almost double the intensity compared tothe MCDA-EPR results for the Ag- X, defect are collected
the central one at 867 mT. The relative intensity of the cenin Table II.
tral line at—48 dBm is a direct measure for the contribution
of the forbidden transitions caused by anisotropies or by shf B. MCDA-ENDOR measurements
interactions(0.016. The relative intensities of the forbidden )
lines caused by a quadrupole interaction is the difference of MCDA-ENDOR was measured as a microwave- and rf-
the relative intensities of the outer forbidden and the centrainduced change of the MCDA. The magnetic field was set to
forbidden lineg0.014. Therefore, the value 0.014 representsth® maximum of one of the hyperfine lines of the MCDA-
the relative intensity of quadrupole-induced forbidden tranEPR spectrum. MCDA-ENDOR lines were detected in the
sitions in comparison to the allowed transitions. frequency range 12—-40 MHz, 110-160 MHz, and 220-300
From the spectral positions of the EPR transitions it canMHZ. An MCDA-ENDOR spectrum over the whole fre-
not be decided whether a quadrupole interaction with a cerlU€Ncy range is shown in Fig. 3 f@, 30° off the [100]
tral nucleus exists. Only in higher order does the quadrupoléiréction. A spectrum, measured in the high-frequency range
interaction influence the line positions of the EPR transitions(110—160 MHz for the BI[100] orientation, is reproduced in
Therefore, the quadrupole interaction of the central nucleud;'9- 4@. The angular dependence of the MCDA-ENDOR
if present, must be much smaller than the hf interaction. ONes was measured by rotating the crystal abo(itl4) axis
the other hand, a quadrupole interaction influences the linB0m Boll[100](0°) via B,l[111](54.74°) to 70°. The
intensities of the forbidden transitions as discussed abovéignal-to-noise ratio of the measured ENDOR lines was very
Therefore, it is possible to estimate the quadrupole interad®W. and it was difficult to follow a certain ENDOR line
tion indirectly via the relative intensities of the quadrupole-through the full angular dependence. Another problem,
induced forbidden transitions in comparison to the allowedVhich complicated the analysis, was the overlap of many
transitions. This procedure was performed using the value di€s. In particular, a superposition of many ENDOR lines
0.014 for the relative intensity of the quadrupole-inducedVas observed in the high-frequency rangey. 4a)].
forbidden transition without saturation and using EL. A The frequency positions of the MCDA-ENDOR lines can
quadrupole interaction parameter gfh~20=5 MHz was be calculated using the following Hamiltonian=3/2):
estimated. A quadrupole interaction of the central As nucleus
can only occur if the electric-field gradient at this position is _ 2.8 T oA LB T B.AaT.O.T
not zero. From the quadrupole parametehe field gradient H=us0S BOJFZ oA-S Z Onittali-Bot Q|
was calculated to be approximately<a0??V m~2. If the (4)
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FIG. 3. MCDA-ENDOR spectrum of the Ag X, defect atT

u

Vi i|mS,efsthf,i+mq,iWq,i_gn,iMnBO| )
with
Wspii=a;+bi(3 codB— 1),
W, =30q;(3 cosp/ —1), and
Mg, =3(m;,+m/)), 6)

wherem, ;,m/; are the quantum numbers of the nuclear lev-
els associated with the ENDOR transitions angle¢; is the
effective spin quantum number. In the effective spin approxi-
mation the influence of internal fields like a strong hf inter-
action on the quantization of the electron spin is taken into
account in first order. If a strong hf interaction is present, as

=1.5K. The photon energy was 1.287 eV, the magnetic field wapbserved here, the deviation of the effective spin quantum
830 mT (see Fig. 2, the microwave frequency was 24.01 GHz, the numbermsg q¢¢ from =+ 1/2 is of the order of 102. This de-

angle between the static magnetic field and[tt@0] direction was
30° and between thgl10] direction was 90°. The total time of
measurement for this spectrum was 10 h.

viation depends on the quantum numimer of the central
nucleus and, therefore, on which hf line the magnetic field
was set during the ENDOR measuremeftty,¢; is given in

where the first term is the electron Zeeman energy, the se¢erms of the isotropic shf interaction constantand the an-
ond is the shf interaction, the third is the nuclear ZeemarSotropic shf interaction constai . It is assumed that the

energy, and the fourth is the quadrupole interactigris the
shf tensor of theth nucleusQ; is the quadrupole tensor of
theith nucleus g is the Bohr magnetory is the electrory
value, I§o is the static magnetic fields is the electron spin
operator,Ti is theith nuclear spin operatoy,, is the nuclear
magneton, and, ; is the nuclear g-value of thich nucleus.
The frequencies for ENDOR transitions of tite nucleusy;,
[selection rules for ENDORAmM, ;==*1, Am, ;=0 (j #i),
andAmg= 0] are given in a first-order solution of the Hamil-
tonian as(see, e.g., Ref.)7

a)

<)

115 120 125 130 135 140 145
Frequency (MHz)

FIG. 4. (a) MCDA-ENDOR spectrum of the first As shell of the
Asgs X, defect for the static magnetic field 5° off th&00] direc-
tion with the magnetic field at 725 miin the maximum of the
lowest hf ling, T=1.5 K, and photon energy of 1.287 elfs) Cal-

deviation of the shf tensors from axial symmetty/) is
zero. For the quadrupole interaction, the paramgtés used
(again axial symmetry is assumed, eaf.=0). The shf in-
teraction and the quadrupole interaction parameters are re-
lated to the principal values of the shf and quadrupole ten-
sors A and Q; by A, i=a;—bj+b/, Ay i=a—b—b/,
A i=a+2b; and Qui=—qi+q/, Qui=—q~—d,
Q.;i=2q;. B; and B/ are the angles between the static
magnetic-field direction and the axes of the principal axis
systems of the shf—and quadrupole—tensor, respectively.
v is the “sum” frequency wheramg=—3 and »; is the
“difference” frequency wheremg=+3 (for details, see,
e.g., Ref. 7, Chaps. 5 and.6

The first step in the evaluation of the ENDOR data was to
determine the chemical nature of the nuclei giving rise to the
ENDOR lines. It can be seen from E(p) that a specific
ENDOR line will shift if the magnetic fieldB, is changed.
Since the resonance condition for the EPR transition has to
be fulfilled to measure ENDOR, the magnetic field can only
be varied within the EPR linewidth. The chemical nature of
nuclei giving rise to the ENDOR lines could thus be deter-
mined by observing the shift of ENDOR lines as a function
of the magnetic fieldfor details see Ref.)7 The field shift
experiment could be performed on all four hf lines of the
EPR spectrum. The influence of the spin quantum state of the
central nucleugi.e., differentmg ¢ for different m;’s) on
the shift could be neglected for the ENDOR lines in the
low-frequency range. For these lines the additional shift due
to the change in the effective spin quantum numimgf,
when changing from one hf line to another was smaller than

culated spectrum with the parameters from Tables IV, V, and vi.th€ resolution of the field shift experiment. For the ENDOR
The width of the lines was assumed to be 1 MHz, which was thdines around 130 MHz this effect prevented a chemical iden-
width of the individual ENDOR lines found in the lower-frequency tification of the nuclei. If more than one hf-split EPR line

spectrum(12 to 40 MH2. (c) “Stick spectrum” of the calculated Was used for the magnetic-field shift experiment, the posi-
MCDA-ENDOR lines in which the relative line intensities reflect tions of the ENDOR lines could not be followed due to the

the transition probabilities. The width of the lines was set to 0.05superposition of too many lines. However, if the magnetic

MHz.

field was varied within the width of one individual hf EPR
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line, the shift of the ENDOR lines was too small for an 160 MHz range. However, even a crude estimate of the shf
unambiguous identification. Only the sign of the slope of theinteractions together with the measured EPR linewidth suf-
shift could be determined. Besides the field shift experimentfices to decide on the number of equivalent nearest As neigh-
ENDOR lines arising from Ga nuclei could be identified be-bors and thus determine the most important structural fea-
cause the frequency positions of the ENDOR lines of the twdure. Therefore, the analysis of the first As shell took place in
Ga isotopes scale with the ratio of their nuclepvalues  a three-step process. First the shf interaction of this shell was
[9n("*Ga)/g,(5°Ga)=1.27] if the quadrupole interaction can estimated in a first-order approximation. Then, an EPR line-
be neglected. The shf interaction and the nuclear Zeemashape analysis was performed with the estimated shf interac-
interaction are both proportional to the specific nuclgar tion of the first As shell used to decide on the number of the
value. equivalent neighbor nuclei of this shell. In the last step a full
Figure 3 indicates the assignment of the ENDOR lines tadiagonalization and a spectral analysis of the ENDOR spec-
specific nuclei surrounding the defect, i.8%Ga, "*Ga, and  trum for the magnetic field parallel to th&00] direction was
SAs nuclei. No impurity neighbors were detected. The linesperformed to get a more precise estimate of the shf and quad-
in the frequency range 110-160 MHz must be dué€®s  rupole parameters of the first As shell.
nuclei, although, it was not possible to identify the nuclei The linewidth of an inhomogeneously broadened EPR
responsible for those lines with the field shift experiment adine of a paramagnetic defect can be calculated using the shf
mentioned above. On the other hand, if the lines had beeifiteractions of the neighbor nuclee, e.g., Ref.)7For this
caused by Ga nuclei, the two Ga isotopes would have had tinewidth calculation we only took into account a crude es-
be seen. However, in that frequency range no pairs of ENtimate of the shf interaction in the following way. From Fig.
DOR lines with a ratio of the frequency positions of 1.27 4(a), we estimatedV;y; of the nearest As shell for tH&00]
were observed. From the positive slope of the field shift ofdirection of the magnetic field using E¢p). In this first-
the ENDOR lines, we inferred that only tines= — 3 branch  order estimate we made crude assumptions on the symmetry.
(the “sum” frequency was measuredassuming that \i,;  For B, parallel to thez axis, assumed to be th&0Q] direc-
>0). It is often observed that only the sum frequency can bdion, the shf interaction would be 250 MHz. If the defect
detected with ENDOR for a certain neighbor shell. The com-had tetrahedral symmetry, the first As shell would consist of
plex relaxation behavior of the electron-nuclear spin systenfiour equivalent As atoms. In order to obtain a smooth enve-
is probably responsible for this effect. lope curve for the calculated MCDA-EPR line as found in
The ENDOR signals in the highest-frequency rangethe experiment(Fig. 1), a minimum width of 7 mT was
(240-280 MH2 must be due to higher-order transitions, oth-chosen for each individual As shf line. The additional broad-
erwise, the shf interaction causing these lines would bening of the EPR line from higher shells is taken into ac-
~500 MHz. A shf interaction of about 500 MHz is not con- count by this individual width of each As shf line. The half
sistent with the individual linewidth of the four hf lines of width of the calculated EPR line, assuming four equivalent
the EPR spectrum. A shf interaction of only one nucléds  As neighbors having a shf interaction of 250 MHz each and
or Ga with 500 MHz would cause a linewidth of more than taking the smallest possible individual linewidth of 7 mT, is
50 mT. However, the measured linewidth is only 45 mT.53 mT (full width at half-maximum. This value is the lowest
With the assumption thakm,=+2 ENDOR transitions of limit of the half-width under the assumption of four equiva-
the As nuclear spins are responsible for the lines in the ranglent As neighbors. It is large compared with the measured
110-160 MHz, the high-frequency lines can be explainedlinewidth of (45-2) mT. The assumption of three equiva-
We conclude that the lines around 130 MHKand those lent As nuclei in the first shell gives a half-width of approxi-
around 260 MHZ are due to the first°As shell since it is mately 44 mT, which is in better agreement with the experi-
expected that the nearest-neighbor shell of a defect will havgnent. The result for two nuclei in the first As shell is 36 mT.
the highest shf interaction. This is too small. Thus, we conclude that the first As shell
The lines in the low-frequency rang&4—40 MH2 must ~ consists of three nuclei.
be due to more distant Ga and As nuclei with the As lines in  The highest symmetry of a defect with three As nuclei in
this low-frequency range due to a higher arsenic stk its first shell is trigonal C3,). It cannot be ruled out that the
Fig. 3. For an As interstitial, it would be expected that the symmetry is lower C,,). In the following, we assume trigo-
shf interactions of the As and Ga nuclei in the nearest neighral symmetry. Then, there are four defect orientations, cor-
borhood would be the same order of magnitude. Howeveresponding to each of the fo{t11) directions. The splitting
some As-ENDOR lines were at a much higher frequencyof the first two As shells around a Ga site into subshells
than any Ga-ENDOR lines. Hence, the shf interactions of thavhen the symmetry is lowered from tetrahedral to trigonal is
As nuclei causing the high-frequency lines must be muchdescribed in Table Ill. The shf and quadrupole tensors of the
larger than those for the gallium. We conclude that the defecfs nuclei of the first As shell have monoclinic symmetigr
has only As atoms in the nearest-neighbor shell and, thushort: the first As shell has monoclinic symmetryhez and
must be Ag, related and not an As interstitial. the x axes of the principal axes systems of the shf and quad-
For the structural analysis of the AsX, defect, the rupole tensors of this monoclinic shell must be located in a
MCDA-ENDOR spectrum in the frequency range 110-160(110 plane that contains the Ag nucleus and the “dis-
MHz [see Fig. 4a)] is very important. It yields information torted” fourth As site. Figure 5 shows the two subshélls
about the nearegfirst) As shell and, therefore, information andl,] for the first As shell for the two trigonally symmetry
about the symmetry of the defect. Because of effects oflefect models proposed by v. Bardeleben and co-workers.
pseudodipolar couplif§! it was not possible to precisely Three Euler angle&,3,y) are necessary to describe the ori-
analyze the angular dependence of the As lines in the 110entation of such a tensor. Because of the orientation of the



PRB 58 OPTICALLY DETECTED MAGNETIC RESONANCE STUN . .. 7713

TABLE Ill. The splitting of the neighbor shells into subshells around a Ga lattice site, if the symmetry is
lowered from tetrahedrall(y) to trigonal C3,).

Lattice Tetrahedral Trigonal
Atom Distance(A)  Number of nuclei ~ Symmetry  Number of nuclei ~ Symmetry ~ Symbol

As 2.45 4 trigonal 3 monoclinic al
1 trigonal b

Ga 3.99 12 monoclinic 3 monoclinic Al
6 triclinic Iy
3 monoclinic Ik

As 4.68 12 monoclinic 3 monoclinic I
3 monoclinic I,
6 triclinic I,

andx axes of the principal systems of the tensors, two of thanteraction is not considered, this multiplet structure is deter-
Euler anglega andy) are not free parameterg.is the angle  mined by the total nuclear spirlg that are combined from
between the axis of the principal system of an interaction the individual nuclear spins of the equivalent nuclei. The
tensor and thg¢100] direction. 3=54.74° for the first As splitting within this structure is of the order of
shell would mean that the axes of the respective tensors 2W2, /(uggBo). For three equivalent nuclei each with a
would exactly point to the Ga lattice site on which thezAs spin of 3/2, the maximum total spin Ig n.x=9/2. Allowed
atom would be located if the defect hdg symmetry. A ENDOR transitions can take place within tHigy,a,x mani-
deviation from this angle indicates a distortion of the defectfold. Therefore, 14 n.,=9 allowed lines are expected.
from Ty. The relative intensity of these lines depends on the statistical
The large shf interaction 250 MHz) causes higher- weights of the different possibilities to combine to a specific
order effects, which produce additional splittings. If the threetotal spinl; and on the relative probabilities of the different
nuclei in the shell are equivalent, which is the case fortransitions within the manifolds of thig values. If a quad-
Boll[100], the pseudodipolar coupling is important. The nu-rupole interaction is present, the situation is much more com-
clei interact with each other via the electron spin. The spimplicated. Another complication is the fact that forbidden tran-
state of a specific nucleus influences the quantization axis dfitions can become quasiallowed due to the pseudodipolar
the electron spin. This changes the shf interaction with othecoupling effects. For further details, the reader is referred, for
equivalent nuclei. The pseudodipolar coupling produces &xample, to Refs. 10 and 11.
multiplet structure for each ENDOR line. If a quadrupole For the calculation of the spectrutfig. 4), neither Eq.
(5) nor the effective spin approximation, where the electron
- spin operator in the HamiltonidgtEq. (4)] is replaced by the
(a) ASGa (b) ASGa-VAs effective electron spin and the nuclear spins are assumed to
Ib Ib be independent from each other, is sufficient. In the effective
spin treatment of the Hamiltonian, the diagonalization is only
performed for the “reduced” nuclear spin matrices. Because
\\ ASGa of the large shf interactions of the three As nugsiout 250
o~ - |- = MHz), the full matrix including the electron spin and the
! p I B 1 three As nuclear spins of the spin Hamiltonian had to be
! Ia a ! Ia a diagonalized. The influence of the hf interaction on the
ASGa MCDA-ENDOR spectrum was neglected. It produces a shift
that is equal for the ENDOR lines of eaafy, branch. In the
ENDOR experiment the magnetic fieR}, is set to one spe-
cific hf-split EPR line. Therefore, all measured defects have

a a
TABLE IV. shfinteractions of the neighbor shellg, Ill ;,, and
FIG. 5. The two different models for the 4sX, defect.(8)  1Il,. The As atoms of shell Ijj are those near to the As vacancy.
The distorted Ag, (Ref. 6, where the Ag, atom is moved along  The Ga atoms of shell Jlare those nearer the vacancy, those f Il
the [111] direction towards the interstitial positidplanar As con-  the one in the plane of the As.
figuration. (b) The AsszVas With an As vacancyl,] in the next-

neighbor shell(Ref. 3. The As;, atom is relaxed towards the As a’h b/h

vacancy. The arrows indicate the direction of theaxes of the Shell (MHz) (MHz) Symmetry
principal systems of the shf tensors of the three equivalent As

neighbors. They point to a location 20—30 % of the bond length offl. *As-shell (L) 252+5 24+5 monoclinic

the regular Ag, position. For the Ag;Vas model it was assumed 2.  "°As-shell (Ill,) ~ 47.6£0.1 1.65-0.05 monoclinic
that the Ag, atom is relaxed to this point. The angle(see Table 1. 89Ga-shell (1} 42.3+r0.1 1.4£0.05  monoclinic
IV) was assumed to be 70° as determined from experim@nt. 2. 5%Ga-shell (1},?) ~17 ~0.6 triclinic

=54.74° for Ag, 0n a regular lattice position.
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TABLE V. Euler angles orientations of the shf tensors.

a Bb c

o Y
Shell (degrees (degrees (degrees Symmetry
1. As shell (L) 0 705 45 monoclinic
2. As shell (L) 0 0*+2 45 monoclinic
1. Ga shell (1}) 0 40+2 45 monoclinic
2. Ga shell (14?) ? ? ? triclinic

&Thez and thex axes of the principal systems of the shf tensors of the monoclinic shells must be located in
a (110 plane which contains the pgnucleus and the distorted fourth As site. Therefore, the angkasd

v of these shells are not free parameters.

b3 is the angle between the axis of the principal system of the shf tensor and [me0] direction. B
=54.74° for the first As shell would mean that the system is not rel#adexample, a system witfi
symmetry.
‘See note a.

the same quantum numbem, of the spin of their central tensors of this subshell would be oriented parallel to the
nuclei. The spectrum of Fig.(d was recorded on the low- (100 directions (3=0°) and would point to the lattice site
field EPR line(725 mT). For this line the shift due to the hf |,. This assumption will be justified in the discussion in the
interaction is 1.4%. The result of this shift is that the shfnext section about the spin density distribution. We assigned
parameters obtained from a fit of tines= —1/2 branch are the observed Ga ENDOR lines to the monoclinic subshgll 1I
reduced by 1.4%. and tentatively to the subshell,ll for which the interaction
The matrix of the spin Hamiltonian for the first As shell parameters could only roughly be estimated. No quadrupole
has a dimension of 128hree nuclear spins of 3/2 and one interaction was observed within experimental error. The shf
electron spin of 1/2 The matrix consists of two subsystems parameters are collected in Tables IV and V.
for eachmg branch. Within such a subsystem with a dimen-  Using the shf parameters for all measured shells for the
sion of 64, ENDOR transitions are possible. That leads to 4100] orientation of the static magnetic field, the EPR line-
number of §%=2016 transitions for each subsystem. Be-width was recalculated. The resulting half-width with three
cause we only measured the sum frequefsee above we  As nuclei in the first As shell is 46 mT. This is in very good
have to consider 2016 transitions. From our calculations, iagreement with the measured width of (43) mT. If the
turned out that most of them have a negligible transitionlinewidth is calculated with three As nuclei in the first shell,
probability, e.g., are forbidden transitions. the linewidth is not noticeably increased by taking into ac-
First, the shf and quadrupole parameters of the first Agount an additional fourth As nucleusn the “distorted”
shell were estimated by a least-squares fit of the anguldiourth As sitg with a shf interaction up to 120 MHz. This
dependence of the MCDA-ENDOR lines with the approxi- nucleus if present on sitg Wwould show a trigonal angular
mation of an effective electron spinThen, the parameters dependence of its ENDOR lines, which was, however, not
were determined by the “best” fit of the calculated spectrumobserved.
to the experimental spectrum with the full diagonalization of

the Hamiltonian. In Fig. &) the calculated MCDA-ENDOR IV. DISCUSSION
spectrum forBll[ 100] with the shf and quadrupole interac- . o
tion parameters from Tables 1V, V, and Vfirst As shel) is The main result of our ENDOR analysis is that the

shown. The MCDA-ENDOR spectrum in Fig. 4 is a super-ASga X, defect has a trigonal £ or the lowerC,;, symme-
position of several hundred lines! A linewidth of 1 MHz for try and that there are only three As nuclei with a large shf
each MCDA-ENDOR line was assumed. This width is a readnteraction (-250 MHz) in the first shell. These results are
sonable value for the MCDA-ENDOR lines in GaAs. It was consistent with the two models of paramagnetic As antisite-
measured in the low frequency range where the pseuddelated defects: the AgVas and the isolated but distorted
dipolar coupling can be neglected. The frequency positioné\Sg, - Both models were proposed by v. Bardeleben and
of the individual MCDA-ENDOR lines are illustrated in Fig. co-workers:® and are shown in Fig. 5.

4(c) (stick spectrum In the model of a distorted Ag~ defect, the central As,

For the analysis of the ENDOR lines in the lower- nucleus is moved to an off-center position along fhé1]
frequency range 12 to 40 MHehigher shelly we kept the  direction towards the interstitial position because the bond
assumption of trigonal symmetry. In Table I, it is shown between the Ag, andl,, atom is assumed to be broken, i.e.,
that the second As shell of a defect on the Ga sublattice with

T4 symmetry splits into the subshells JII lll,, and lll. TABLE VI. Quadrupole parameters of the first As shell.
when the symmetry is lowered tozC From the angular ’ -

dependence it is not possible to unambiguously assign th@/h q'/h a B Y
ENDOR lines arising from As nuclei in the low-frequency (MH2) (MHz) ~ (degrees  (degrees  (degreep
range to one of these subshells. We attributed these arsenjg. ( 3 0+0.3 0 1655 45

ENDOR lines to the monoclinic subshell JlI Under this
assumption, the axes of the principal systems of the shf 3 or the definition of the Euler angles see the notes in Table V.
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missing an electrorisee Fig. $a)]. This means there are the first As shell. A further indication of this situation is the
three equivalent As neighboftabeled withl, in Fig. 5@)]  orientation of the shf tensor angles of the As shell .llin
and that the fourth As neighb@abeledl,) should have only our assignment of the ENDOR lines to the As shell Jlthe
a very small shf interaction. The shf interaction tensor of thisz axes of the principle systems of the shf tensors of this shell
fourth As neighbor would have trigonal symmetry. The point to the As vacancy. This would indicate that a substan-
axis of the principle system of the shf tensor would pointtial spin density is located at the As vacancy.
along the[111] direction towards the A, atom. This fourth Another calculation was carried out by Poykébal 24 for
As nucleus with trigonal symmetryl{) must have a shf the diamagnetic (As;Vas) " state. There the relaxations of
interaction not larger than 120 MHz, as shown by the EPRhe neighbor atoms were taken into account. Unfortunately,
linewidth analysis. The ENDOR lines of an As nucleus up toit was not possible to calculate the neutral paramagnetic state
a maximum shf interaction of 120 MHz are expected to bewith their method. For the positive charge state, they found
below 70 MHz. A careful search for ENDOR lines with several stable configurations of the defect. Besides the
trigonal symmetry(having a maximum frequency in the (AsgsVag) ', Which turned out to be the most stable one,
[111] directions failed to detect As ENDOR lines below 70 they found theVg," and the ¥gaasAS)) ™ configuration to
MHz. be stable. The (As;Vas) ™ would have trigonal symmetry

Another argument against the model of the distortedC5,) even if neighbors are allowed to relax. A relaxation of
Asg, is the orientation of the shf tensors of the threethe Ass, nucleus of 12% towards thé,s was calculated.
equivalent As neighbors of the first shel,Y. From Table V According to Ref. 14, the states of the (£sVs)° defect
it can be seen that the angsof the shf tensor has a value of can be created by a hybridization of the states of the double
70°. A larger angle than 54.74° indicates that thaxes of  vacancyVgaasWith an As atom. In this picture the unpaired
the principle systems of the shf tensors of the first As shelklectron of the neutral state occupiesanstate. Therefore,
(Ip) point to a location between the regular Agosition  no spontaneous lowering of ti@;, symmetry is expected. It
(Ga sitg and thel, site. If the angle is smaller than 54.74°, is known that the isolated Ag defect is paramagnetic in its
thez axes would point to a location between the regulagAs singly positive charge state and that the spin density at its
position and the interstitial site. Ttreaxes of the shf tensors Asg, atom is approx. 18% as calculated in Ref. 1. Therefore,
of the first As shell point to the center of the spin densityit can further be assumed that the A®f the neutral com-
distribution. SinceB~70°>54.74°, it is inferred that this plex bears a positive chargepin density at the As, atom is
center of spin density distribution must be located betweer14%), whereas theV,s is negatively charged. With this
the regular Ag, position and the lattice sitg,. For a dis- model the quadrupole interaction of the Asiuclear spin,
torted Ag;, defect this is a region of low spin density, since estimated from the occurrence of the forbidden EPR transi-
the bond between the Agatom and the fourth As neighbor tions, can be qualitatively understood.
I, is broken. Thus, the larg@ value does not favor the A rough estimate for the quadrupole interaction of the
Asg, model. central Ag, nucleus, caused by an elementary charge, is

A model, which reasonably explains all ENDOR data, isgiven by the following equatiofsee, e.g., Ref.)7
the As;;+Vas an Ass, With an As vacancy in the first As
shell. This model is shown in Fig.(B). From now on, we e’Q(1—v.)
shall refer to the defect as AgV,s. From calculations of a= 21(21 —1)4meR3’ ™
the spin density distribution of the unrelaxed A9/, de-
fect in its paramagnetic charge state, it was concluded thavhereQ is the quadrupole moment of the nucleess the
this configuration has the character of the As vacancyelemental charges, is the electrical field constanR is the
(Vas).*? Most of the spin density would be located at the distance of the nucleus from the point charge, ané §4.)
vacancy. After the introduction of a relaxation of 30% of theis the Sternheimer anti-shielding factor for a charge outside
bond length of the Ag, hucleus towards the As vacancy, the the core of the atom. (4 y..) is 40 for As'® For a point
highest spin density would appear at the;A¥ No relax-  charge of one and=20 MHz as estimated experimentally,
ations of the neighbor atoms were considered. If we assumeal distance of 60% of that between the unrelaxed Agom
that the Ag,atom is located at the center of the spin density,and the As vacancy was calculated. This would favor the
the deviation of the shf tensor angiof the first As shell assumption that the Ag atom is relaxed towards the,
would indicate a relaxation of the Asatom towards the As [see Fig. B)].
vacancy of about 20—30% of the bond length. This would be A further reason for a quadrupole interaction may be the
in excellent agreement with the calculations of Deléfu®n  electric-field gradient arising from the unpaired spin density
the other hand, if the total measured spin density is calcumoving in ap orbital only?®
lated from our shf data within the linear combination of
atomic orbitals(LCAO) approximation; see Ref. 13, the hf SEQ(1-v)
and shf interactions can account for only 50% of the spin q(Py)= 21(21— 1) €gpe09ed (Po), ®

. . . o eINMBIN

density. Most of this spin density is located at thesAgtom
and its three As neighbof84% at the Ag,atom and 27% at where (1- v) is the atomic antishielding factor, which is not
the three As neighboysilt is possible that a large amount of known and which is expected to be approximately qngis
spin density is located in the As vacancy, which we cannothe magnetic induction constar8,is the electron spin, and
measure with ENDOR. This would mean that the;Aatom  b(P,,) is the anisotropic hf parameter without contributions
is not the center of spin density and the relaxation of thdrom a point dipole-dipole interactiobyy. The maximum
Asg, atom cannot be estimated from the shf tensor angles ainisotropy of the hf interaction which would not be resolved




7716 F. K. KOSCHNICK, K.-H. WIETZKE, AND J.-M. SPAETH PRB 58

in the MCDA-EPR spectrum from an angular dependencehe first As shell was resolved. This shf interaction is only
would be about 50 MHZzthis corresponds to a total splitting consistent with the MCDA-EPR linewidth, if three As neigh-

of the hf quartet of 4.5 mJl An estimate of the maximum bors are assumed, supporting the results from the EPR power
guadrupole interactiog(P,) with b(P,)=50 MHz gives a dependence that the symmetry is lower tign It is con-
value of only 3 MHz. Therefore, the main contribution to the cluded that the Ag;related defect is not the distorted AS
guadrupole interaction must arise from a charged constitueritecause the fourth As neighbor was not found and because a
in the neighborhood of the Ag nucleus like the negatively high spin density was found in a region where a low spin

charged vacancy in the As™-Vas~ configuration. density would be expected. All observations are consistent
with the model of an arsenic antisite with an arsenic vacancy
V. CONCLUSIONS in the nearest-neighbor position (AsV,s). There is evi-

) ~ dence for a relaxation of the Agatom towards the/,s.
~ The Agsgrelated defect produced by electron-irradiationThis would be in agreement with theory. The quadrupole
in n-type GaAs was investigated with MCDA-EPR/ENDOR nteraction of the central nucleus was estimated to be consis-
techniques. From the MCDA-EPR spectrum it was shownent with a charge distribution where a positive charge is

that the defect has a central As atom. The microwave powgpcated at the Ag, nucleus and a negative charge is located
dependence of the MCDA-EPR spectrum was explained withy thev .

forbidden quadrupole-induced transitions of the gAs
nucleus. A quadrupole interaction of the central gAs
nucleus, which is not directly resolved in the MCDA-EPR
spectrum, was estimated to be= 20+5 MHz from the rela-
tive intensity of these forbidden MCDA-EPR transitions. Support by the Deutsche Forschungsgemeinschaft is
From the existence of this quadrupole interaction, it was furgratefully acknowledged. The authors also gratefully ac-
ther concluded that the defect symmetry is lower tian  knowledge the use of the electron accelerator ELIAS at the
With MCDA-ENDOR measurements the shf interaction of Forschungszentrum lich to electron irradiate the samples.
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