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Investigation of the (Cu-Li)-related 2.172-ev bound exciton in GaP
with optically detected magnetic resonance
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Optically detected magnetic resonance (ODMR) is applied in this work to study the 2.172-eV
bound exciton (BE) in GaP, associated with a complex neutral (Cu-Li)-related defect denoted (Cu-
Li)„. The ODMR data are analyzed with a spin-trip1et spin Hamiltonian &=psB.ll,„s+SD S,
where S is the effective BE spin. The best fit of this Hamiltonian to the ODMR data gives the
values g„=1.98+0.01, g~ =1.97+0.01, g, =2.07+0.01; D„=(—0.34+0.01))&10 ' eV, D~ =(—1.04
+0 01)X 10 ' eV, D, =(1.382001)X 10 ' eV, where x[~[001],y~[[110],and z)~[110]are the princi-

pal axes of the g and D tensors. The determination of these parameters is much more accurate than
in previous work, where neither the principal defect axes nor the sign of the components of the D
tensor were given. These improved data establish a C2„symmetry of the defect, with a different
atomic and geometrical arrangement than proposed in previous work. With the combined informa-
tion from the conditions of creation of the defect, the photoluminescence spectra and the ODMR
data, it is suggested to be a three-atomic Li;-CuG, -Li; chain in a bent canfiguration in a [110)plane.
The components of the.g tensor for the BE are all close to g = +2, consistent with a spinlike charac-
ter of both electron and hole. It is noted that the fit of the ODMR data with the spin-triplet spin
Hamiltonian is quite good, and the inhuence of the nearby singlet state on the magnetic properties
of the triplet state can be regarded as negligible.

I. INTRODUCTION

Optical detection of magnetic resonance (ODMR) has
been applied to studies of defects in semiconductors dur-
ing the last few years, and has in many cases been proven
to be a very sensitive technique. ' In particular, ODMR
has recently been extensively used in the detailed charac-
terization of electronic properties of neutral ("isoelect-
ronic") complex defects in semiconductors. " Such de-
fects often have a triplet-singlet configuration at the
lowest energy in the excited (bound exciton) state.
Strong ODMR signals are in general expected for a
triplet-singlet bound-exciton (BE) configuration, related
to a large population of the slowly emitting "M, =0" sub-
level of the triplet, which can be transferred by
microwave-induced transitions to the fast emitting
"M, =+1"triplet sublevels.

Since the spectral resolution in ODMR measurements
is in general at least 2 orders of magnitude better than the
resolution in magnetooptical (Zeeman) studies, the
ODMR technique (when applicable} is superior in the
determination of magnetic properties of defects. In par-
ticular, ODMR is capable of resolving the magnetic fine-
structure interactions involving the spins of the particles
bound at the defect, represented by the D tensor in the
spin Hamiltonian. In the case of neutral complex defects
the evaluation of the D-tensor elements gives important
information on the local interactions on and between the
particles (electron and hole} bound at the defect in its ex-
cited state.

Recently a detailed evaluation of both the g-tensor and
the D-tensor parameters has been demonstrated for the

1.911-eV Cu-related BE complex in GaP. In that case
only the triplet BE configuration was analyzed. This was
adequate since in that particular case the singlet (S =0)
BE level is at much higher energy, 91 meV above the
triplet, so interaction between these levels is small indeed.
A similar good fit has been obtained with a spin-triplet
spin Hamiltonian for a number of very deep BE spectra
in GaP. In the case studied in this work the exchange
interaction between the electron and hole in the BE is
much smaller, and the singlet is only about 2 meV above
the triplet {at 2.172 eV). Although a quite good fit of
ODMR data can be obtained in this case with a spin
Hamiltonian considering only the triplet state, there may
be a non-negligible influence of the singlet state that must
be included in a complete evaluation. This problem is of
general interest for similar complex neutral defects in
semiconductors, but the effect is found to be quite small
((0.1% of the evaluated parameter values) in the present
case.

The paper is organized in the following way. A brief
description of the experimental conditions is presented in
Sec. II. The experimental data are displayed in Sec. III.
A detailed study of the angular dependence of the
ODMR spectrum has been done, with 8 rotated in the
(110}and (112}planes. These data are quite accurate due
to the strong ODMR signals obtained, and have been
fitted with a spin-triplet spin Hamiltonian. The interac-
tion with the higher singlet BE state is also briefly dis-
cussed, in connection with the fitting of the spin Hamil-
tonian to the experimental data. In Sec. IV the physical
interpretation of the g and D tensogs is discussed. A new
model for the atomic and geometrical structure of the de-
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feet is presented. In Sec. V finally a summary of the con-
clusions obtained for this particular defect is given, i.e.,
electronic structure, symmetry, and identity.

II. SAMPLES AND EXPERIMENTAL TECHNIQUES

The GaP samples used in this investigation were
prepared from single crystalline bulk liquid-encapsulation
Czochralski (LEC) -grown material, which was nominally
undoped. The samples were doped with Cu and Li by a
diffusion procedure, as described elsewhere. ' Samples
were oriented and etched before insertion in the cryostat.

Photoluminescence (PL) spectra with high resolution
were obtained with a Spex 1404 0.85-m double mono-
chromator. A Coherent 590 tunable dye laser with a
Coumarin-540 dye, pumped by an Ar+ laser, has been
used as excitation source. This setup allowed for below-
band-gap excitation, which is advantageous in both PL
and ODMR measurements. With such excitation the full
volume of the sample contributes to the emission; further,
a specific BE system can be selectively excited. The
ODMR data shown in this paper were obtained using
a modified Bruker 200D-SRC 9-6Hz spectrometer,
equipped with an Oxford Instruments ESR10 liquid-He
continuous-How cryostat. A cylindrical cavity was em-

ployed, with optical access from all directions. The sam-
ple temperature could be continuously varied down to 2
K during experiments. Microwave power up to 600 mW
was available, but typically much less power was
sufficient to obtajn a good signal-to-noise ratio far
ODMR resonances. The ODMR spectra were taken
with an S20 photomultiplier with lock-in techniques, in
phase with the chopped microwaves. ODMR spectra
could be obtained both in the Faraday and the Voigt
configurations. A Jobin- Yvon 0.25-m grating monochro-
mator was used to obtain spectral dependencies of the
ODMR signals. Polarization measurements were per-
formed using a Hinds PEM-3 stress modulator operating
at 50 kHz. The difference between left- and right-hand
circularly polarized components was obtained by lock-in
detection at 50 kHz.

III. EXPERIMENTAL RESULTS

Figure 1 shows a high-resolution PL spectrum ob-
tained with above-band-gap excitation. A number of BE
spectra are seen, related to nitrogen (N), the Li-Li-0 com-
plex, and a range of (Cu-Li)-related complexes, ' ' '15

among which the (Cu-Li)v BE at 2.172 eV is of interest
here. The (Cu-Li)v PL spectrum has been described in
detail earlier, ' and is shown here only for easy reference.
Two electronic (no-phonon) lines are seen for the (Cu-
Li)v BE. The one at the lowest energy (2.1721 eV) has
been proved to be a triplet line, ' and the higher-energy
line (2.1742 eV) is a singlet, i.e., the electron-hole ex-
change splitting is 2.1 meV in this case. A rather strong
phonon coupling occurs for both lines, as discussed in
more detail separately. ' '

In Fig. 2(a) a typical example is shown of an ODMR
spectrum related to the 2.172-eV BE emission. Very
strong signals can be observed under optimum condi-
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FIG. 1. A high-resolution PL spectrum at 2.1 K for (Cu-Li)
co-doped GaP with Ar+-laser excitation (5145 A). The spec-
trum shows emissions related to N, (Cu-Li)», (Cu-Li)»&, (Cu-
Li)v, and Li-Li-0 centers.
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FIG. 2. (a) ODMR spectrum obtained for the (Cu-Li)v BE at
4 K at a microwave frequency of 9.23 GHz, with B~~[110]. The
ODMR signal from the 2.25-eV BE (Ref. 19) at 8=0.33 T is

also seen. (b) Zeeman-split triplet configuration of the (Cu-Li)v
BE when B~~[110],computed with the aid of the spin Hamil-

tonian with the parameters given in Table I. The three ine-

quivalent sets of defects in this geometry are shown: the solid
line represents the one with B~~z, the dashed line the one with

B~~y, and the dashed-dotted line represents the other defect
geometries where B is not along any of the principal axes. Also
shown are the microwave-induced resonant transitions (vertical
lines) and optical transitions to the ground state (arrows). It
should be noted that the polarizations shown for the optical
transitions are approximately proper only in the high-field limit,
when the Zeeman term dominates over the fine-structure in-

teraction. The defect for which B~~z shows a level crossing at
0.17 T (solid lines), as discussed in the text.
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tions, corresponding to a modulation of the total PL in-
tensity of more than S%%uo. The spectral dependence of the
ODMR signal (ODMR-PL) has also been measured. The
resulting ODMR-PL spectrum is shown in Fig. 3(a). In
Fig. 3(b) the ordinary PL spectrum is shown, measured
under the same experimental conditions, but with mi-
crowaves off, for comparison. From Figs. 3(a) and 3(b) it
is clear that the ODMR resonance being monitored origi-
nates from the 2.172-eV triplet BE state, as additionally
confirmed by performing ODMR excitation spectrosco-
py, discussed elsewhere. '

By performing such spectral measurements (ODMR-
PL), it was established that in the central part of the
ODMR spectrum shown in Fig. 2(a) an overlapping reso-
nance spectrum occurs, due to another defect than the
2.172-eV SE,i with an electronic triplet line at =2.25
eV. ' In order to make a detailed evaluation of the
ODh4R spectra of the 2.172-eV BE, such spurious reso-
nances must be clearly distinguished. In this case, this
can be done by a careful choice of experimental condi-
tions. ' It is also possible to avoid contributions in the
ODMR spectrum from the 2.25-eV defect, by choosing a
laser excitation of photon energy lower than 2.25 eV, but
higher than 2.172 eV, so that the (Cu-Li)„BE is still ex-
cited, but the signal-to-noise ratio is then much lower
than shown in Fig. 2(a). Other ways to minimize contri-
butions from the 2.25-eV defect in the ODMR spectrum
are to choose optimum microwave power and chopping
frequency.

The interpretation of the ODMR spectrum in Fig. 2(a)
is quite straightforward, and is in agreement with the pre-
vious knowledge that the lowest 2.1721-eV BE state is a
magnetic triplet. ' The main resonances are centered
around g =2 and can be understood as "b,M, =1" al-

lowed resonance transitions [Fig. 2(b)]. Several such
transitions are expected for a defect of low symmetry.
Figure 2(b) shows a triplet level diagram versus a magnet-
ic field, with microwave resonances and optical transi-
tions to the ground state indicated. (This diagram is gen-
erated using the spin-triplet spin Hamiltonian, to be de-
scribed below. ) Dashed resonance lines correspond to
"EM, =2" resonance transitions. These formally spin-
forbidden transitions become allowed and often quite
strong for BE triplets in a low symmetry.

Taking proper precautions to eliminate spurious reso-
nances, as described above, an accurate determination of
the angular dependence of the 2.172-eV BE ODMR spec-
trum was possjble. In the present investigation, this was
done with a rotation of the magnetic field B in two
different planes, (110) and (112), respectively. Figure 4
shows the angular dependence of the ODMR spectrum
for rotation of the sample with B in this case in the (112)
plane. The data have been fitted with the spin-triplet BE
spin Hamiltonian '

&=)M&B N,„S+SD S,
where S is the efFective BE spin. The first term describes
the linear Zeeman interaction, where p~ is the Bohr mag-
neton, B the external magnetic field, and I,„ is the g ten-
sor for the BE. The second term is the magnetic fine-
structure term, which has three main contributions. Two
of these are induced by spin-orbit interaction, i.e., the
usual fine-structure term in ESR, ' and the anisotropic
exchange interaction term. The third term is due to the
magnetic dipole-dipole interaction between the electron
and the hole bound at the complex defect. This spin
Hamiltonian only considers the lowest-energy triplet
state of the BE, and neglects interactions with the higher
singlet state.
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FIG. 3. (a) Spectral dependence of the ODMR signals from
the (Cu-Li)v BE at 4 K, showing a "Sngerprint" of the (Cu-
Li)„-BEemission [as seen in (b) and Fig. 1]. (b) PL spectrum of
the same sample as in Fig. 1, but at 4 K and with lower spectral
resolution, as a relevant comparison with the spectral depen-
dence of the ODMR measured in the same experimental condi-
tions, as used in (a).

O. I--

0 60 90
t. li 03 [) l l3

ANGLE OF ROTATION WITH RESPECT TO f. IIO)

30

FIG. 4. Angular dependence of the ODMR spectra for the
(Cu-Li)v BE, for rotation of the sample with 8 in the (112)
plane. Dots show experimental data, while the solid lines are
obtained from the Stting with the spin Hamiltonian given in the
text with the parameters in Table I.
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TABLE I. Spin-Hamiltonian parameters for the 2.172-eV BE in Gap, where x ~([001],y ~([110],and
z [[[110].

Parameter

1.98+0.01

g tensor

gy

1.97+0.01

gz

2.07+0.01

D

—0.34+0.01

D tensor
(10-' eV)

Dy

—1.04+0.01 1.38+0.01

The above spin Hamiltonian was diagonalized, with
both terms included simultaneously, using a basis set of
spinlike wave functions for both electron and hole, and
compared with the experimental data (solid lines in Fig.
4). The best fit was obtained with the parameter values
listed in Table I, with the axes x~~[001], ye~[110], and
z ~~[110] as principal axes of the g,„ tensor as well as of
the D tensor. The signs of the g- and D-tensor com-
ponents were determined by measuring the intensity of
the right- and left-hand circularly polarized luminescence
components separately, with the microwaves off. The
measurement monitors the difference between the 0.+ and
o components, corresponding to recombination from
the

~
1, + 1 ) and

~
1, —1 ) states, respectively. This was

done with the aid of a stress modulator operating at 50
kHz and the experiment was performed in the Faraday
configuration employing selective excitation to avoid in-
terference with the 2.25-eV BE luminescence.

It was found that the intensity of the a polarized
light increased with the magnetic field for all principal
directions, suggesting that the

~
1, —I ) magnetic sub-

component is at lower energies for these directions. This
is in agreement with a thermalized system with positive

g,„components, g„yz Further, by detecting the no-
phonon line of the BE through a monochromator it was
found that the cr component was enhanced when the
magnetic field was directed along the z axis at a field posi-
tion corresponding to level crossing. For a positive value
of g, this level crossing establishes a positive value for D,
and consequently a negative sign for D„and D, from the
relation D, = —(D, +D ) and the sign of (D„D~) as-
judged from the pattern of the angular dependence. The
sign for D, is also independently determined by detecting
the ODMR signals for (o+ —n ), using the stress modu-
lator. A positive signal for the low-field EM, =1 reso-
nance and a negative signal for the high-field resonance
confirms the positive sign for D, .

ceptorlike part of the complex. ' Since the defect is
isoelectronic, ' a substitutional CuG, is compensated for
by a pair of interstitial atoms, both here suggested to be
Li atoms. A possible model for the defect accounting for
these requirements and the details of the ODMR data is
given in Fig. 5.

In the model, two interstitial atoms are located along
different (111) axes on either site of Cuo„which gives
the three principal axes x, y, and z of the defect in agree-
ment with the deduced principal axes of the g and D ten-
sors, as shown in the figure. The overall (110) orienta-
tion of the defect in the direction of the two interstitial
atoms explains the maximum splitting along the z axis in
the figure. It can be noted that there are six equivalent
defect sites of this kind in the lattice. The point group of
the defect shown in Fig. 5 is therefore C2„. Any distor-
tion off the (110) direction for the pair of interstitial
atoms would reduce the effective symmetry of the set of
principal axes to C, i, or C„however.

In the previous work a different defect model was sug-
gested, also involving Cuo, but with two different inter-
stitials, Cu; and Li;, in a different geometrical arrange-
ment than deduced from the ODMR data in this work.
If the (Cu-Li)v defect was composed of Cuo, and two
different interstitial atoms, such as Cu, and Li;, the defect
symmetry would be C&I„which is lower than observed.
Such a C» symmetry would then be expected to be ob-
served in ODMR data, since the primary particle of the
BE (the hole) is fairly localized and should thus be sensi-
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IV. DISCUSSION

A. Identity of the (Cu-Li)v defect

Since the components of the g,„and D tensors are all
unequal the defect symmetry must be low, as low as Cz, .
There are six equivalent sets of principal axes in the
tetrahedral Gap lattice for Cz„overall symmetry of the
defect site. The correlation between optical spectra and
the doping procedure suggests that the defect is com-
posed of copper and lithium atoms, with Cuo, as the ac-

f I I 0]
[t103

FIG. 5. A possible model of the (Cu-Li)v defect studied in

this work, as a Li;-Cuo, -Li; complex bent in a [110]plane. The

principal axes x, y, and z (which diagonalize the g and D ten-

sors) are indicated in the figure. The set of principal axes in the

figure is one of six equivalent ones, and corresponds to the one

in Table I.
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tive to the defect symmetry. The main reason for the
suggestion of only one Li,- interstitial as part of the defect
in the previous work was the absence of mixed local-
mode phonon replicas in the PL spectrum upon mixed
isotope doping with both Li and Li isotopes. ' This
may be explained by a weak interaction between the vi-
brations of the two interstitials, when positioned rather
isolated from each other, as seen in Fig. 5. It should be
noted, though, that the identity of the local-mode defect
vibrations corresponding to the observed replica is not
well understood at the moment, and consequently no
strong arguments about the defect identity can be sup-
ported by these observations. In the previous work it was
also shown' that the so-called COL defect, ' which is
suggested to be a trigonal defect with a Cuo, and two in-
terstitial Cu atoms, is a precursor to the (Cu-Li)„defect
discussed in this paper. The latter was previously sup-
ported to be formed by an exchange of one Cu; intersti-
tial for a Li; interstitial, relaxing to a new position. ' In
the light of the new data presented in this work, it ap-
pears like both Cu; atoms are replaced by Li,. interstitials,
both relaxing to new positions (Fig. 5).

8. Electronic structure of the 2.172-eV BK,
in relation to ODMR data

&=p~B.g, .S, +p~B.gi, Si, +S,-J-S», (2)

where S, and SI, are the effective spins of bound electrons
and holes, respectively, and h and 'gz are the g tensors of
these particles. J is a rank-2 Cartesian tensor describing
the mutual interactions between the two particles, includ-
ing the e-h exchange interaction, as well as the other in-
teractions listed previously for the D tensor.

The (Cu-Li)-related defect responsible for the 2.172-eV
BE is a typical example of a complex defect with a dom-
inantly hole-attractive local potential, as discussed previ-
ously. ' The low symmetry and the strongly localized
hole-attractive potential are suScient conditions to create
a spinlike bound-hole state in a material like GaP, where
the spin-orbit interaction on bound hole states is usually
fairly weak. ' A spinlike hole together with a spinlike
electron gives a triplet-singlet pair as the lowest BE
configuration, as observed in this case.

The energy separation between the triplet and the sing-
let re6ects the strength of the isotropic part of the
electron-hole exchange interaction in the BE state. The
value 2.1 meV is rather low, and a similar (or even small-

er) value is found for other (Cu-Li)-related defects in

GaP, notably for the 2.307-eV (Cu-Li), BE (0.9 meV}, '

the 2.25-eV BE (3 meV), ' and for the 2.242-eV (Cu-Li}n,
BE (2.3 meV}.' Other hole-attractive neutral complexes,
on the other hand, have much higher values for the
triplet-singlet splitting, notably 91 meV for the Cu-
related 1.911-eU defect, 3 21 meV for the Cu-related COL
defect, '~ and 8 meV for a shallow (Cu-C}-related defect.

The proximity of the singlet state to the triplet could
make the above analysis of the ODMR data in terms of a
spin-triplet spin Hamiltonian inaccurate. A proper
treatment in that case would be to use a more general
effective Hamiltonian of the form

In the case of large e-h exchange interaction the lowest
BE state is decomposed into two parts, the singlet state
and the lowest triplet state. The latter can to a good ap-
proximation be described by the spin-triplet spin Hamil-
tonian used in this work [Eq. (1)]. This situation should
be compared, e.g., to the case of the 1.911-eV BE in GaP,
studied in detail separately. In that case a good fit was
obtained with the above spin-triplet spin Hamiltonian
[Eq. (1)], as expected when the singlet state is well
separated in energy from the triplet, and the triplet-
singlet interaction can be neglected.

A fit of the Hamiltonian [Eq. (2)] to the data has been
performed, in a similar way as described above for the
spin-triplet spin Hamiltonian [Eq. (1}],using the same
basis functions for the electron and the hole as for the
previous fit. It was possible to obtain quite a good fit of
Eq. (2) to the data with parameters corresponding to
those listed in Table I, using the relation

g,„=(g,+gi, ) /2, and assuming that the electron g value
is isotropic, g, =2.00, typical for shallow donorlike elec-
trons in GaP. The deviations between the two fits were
less than 0.1%. This result reassures that the spin-triplet
spin Hamiltonian [Eq. (1)] still gives a sufficiently ade-
quate description of the experimental data for the
(Cu-Li)v BE. This is because the e-h exchange interac-
tion term is still much larger than the Zeeman term
which is coupling the triplet to the singlet state
[=—,'p~B hg (S,—Si, )] where EN=—I,—gz, which was
true in our ODMR experiments performed at 9 GHz.

The anisotropy b g of the g tensor is accurately
resolved in the data, although its magnitude is limited to
+3%. If h is taken as isotropic, g, =+2.00, as evident
from ESR work on shallow donor electrons in GaP, the
residual anisotropy of g,„ is supposed to be related to gz,
due to the incomplete quenching of the orbital angular
momentum of the bound hole. ' Also, Ii, is deduced to
have positive components, consistent with the observed
positive components of I,„, all quite close to g =2. The
D-tensor elements are in this case of about the same mag-
nitude as for the Cu-related 1.911-eV defect in GaP, as
well as for the recently studied (Po,-Cu)-related antisite
complexes in GaP. ' The elements of the D tensor are
not directly proportional to the elements of the hg tensor
(b,g =g,„—2.0023 )& 1 ), although the g and D tensors are
diagonalized by the same principal axes. This observa-
tion allows the conclusion that the D tensor does not
originate from spin-orbit-induced effects only, for which
case direct proportionality between D and Ag com-
ponents is expected. ' Thus the electron-hole magnetic
dipole-dipole interaction appears to be an important con-
tribution to the D tensor. This situation is similar to the
one found for other neutral complex defects studied in
GaP. It should be noted that the magnitude of the
D-tensor components is consistent with an approximately
2.5-A separation between two localized magnetic dipoles,
which is quite close to the 2.4-A nearest-neighbor separa-
tion in the GaP lattice. The above result should, howev-
er, not be considered as a proof for the domination of the
magnetic dipole-dipole mechanism, since it was obtained
using the point-charge approximation. This approxima-
tion might be of limited value for the case of BE s, partic-
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ularly when one of the carriers is rather delocalized.
The width of the ODMR resonance lines in this case is

about 100 G, which is narrower than for other shallow
triplet systems in GaP. ' The natural ESR linewidth
in GaP, in the absence of central hyperfine (CHF) in-

teractions, is about 50—60 G. The slightly increased
linewidth in this case could be due to an unresolved CHF
interaction from Cu&„believed to introduce the dom-

inant potential in the defect, due to a quite strong overlap
between the bound hole wave function and the CuG, nu-

cleus. Resolved CHF interaction due to Cuo, has not
been observed amongst several complex defects in GaP
studied with ODMR, ' and has in fact only been ob-
served in one case in GaP. Certainly other broadening
mechanisms, such as, e.g., excitation transfer, exist to
explain the observed ODMR linewidth for the (Cu-Li)„
defect. The linewidth of ODMR resonances from shal-
low Li donors in GaP is of the same order as observed in
this case, 100-150G.

V. CONCLUSIONS

Accurate 9-GHz ODMR data are presented in this
work for the 2.172-eV BE in GaP, related to the (Cu-Li)v
defect. ' The intensity of the ODMR signals is quite
large in this case, with & 5% modulation of the PL signal
at magnetic resonance. The data are analyzed with a
spin-triplet spin Hamiltonian &=lssB g S+S.D S.

This defect is a typical case of a hole-attractive neutral
complex defect, which binds a hole in a very localized
state as the primary particle of the BE. This hole is then
essentially spinlike, as confirmed by the deduced values of
the g tensor in this work (all principal components of It,
are positive and close to g =+2). The electron is bound
as a secondary particle, in a rather delocalized state.
This explains a rather weak isotropic part of the e-h ex-
change interaction, which is directly measured as the sep-
aration between the lowest BE triplet state and the higher
singlet state (2.1 meV). The magnetic dipole-dipole in-
teraction of the electron-hole pair is deduced to be an im-
portant contribution to the D tensor. Additional contri-
butions from the spin-orbit interaction (direct spin-orbit
term or spin-orbit-induced anisotropic exchange interac-
tion) are also present. The angular dependence of the
ODMR signals is consistent with six equivalent defect
sites in the GaP lattice. The defect is tentatively
identified as a three-atomic chain Li;-Cuo, -Li;, with a
bent configuration in a t 110j plane.

It is noted that the spin-triplet spin Hamiltonian used
in this work is suScient to give a good fit to ODMR data,
just as in the separately studied case of the 1.911-eV de-
fect in GaP, where the triplet-singlet splitting is 91 meV
and the singlet therefore is far removed from the triplet
state. The Hamiltonian in w'hich the singlet BE state is
included does not significantly change the parameters in
the fitting to experimental data.
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