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Optical detection of electron-nuclear double resonance (ODENDOR) has been used in a study of
an optically detected magnetic resonance spectrum previously assigned to the shallow effective-
mass-like 1S (E) state of the substitutional oxygen donor in GaP. The ODENDOR spectra were ob-
served via photoluminescence transitions which are known to be oxygen related. Hyperfine interac-
tions with several shells of both P and Ga neighbors were observed showing that the defect center is
on the P sublattice and has full T, (tetrahedral) symmetry. A substantial hyperfine interaction was
observed on the Ga sublattice inconsistent with an effective-mass-like state made up from the lowest
X, conduction-band valleys. Further, the full tetrahedral symmetry of the defect as deduced from
the ODENDOR spectra reveals an 4 state not consistent with the 1S(E) state believed to be in-
volved in the electron-capture luminescence transition. Analysis of the defect wave-function distri-

bution gives a binding energy of about 0.22 eV.

I. INTRODUCTION

The oxygen donor in GaP is surely one of the most
studied systems in defect physics. In the pioneering work
of Dean and his co-workers’’? two new photolumines-
cence (PL) transitions were found when GaP was doped
with oxygen. One of these was identified as arising from
distant donor-acceptor pair (DAP) recombination giving
the energy-level position of the single donor state (0/+)
of oxygen in GaP at E,—0.893 eV. The second transi-
tion, labeled an electron-capture (EC) PL was proposed
to occur between an excited effective-mass-like 1S (E)
state at E, —0.052 eV and the ground 1S ( 4,) state of the
neutral oxygen donor. Dean et al.? proposed that the
large splitting of the 1S(E) and 1S(A4,) states resulted
from a large central cell effect at the donor. In Fig. 1(a)
we have summarized Dean’s model for the role of oxygen
in GaP. In 1973, photocapacitance measurements on
GaP:O showed that there was an additional deep accep-
tor 3lczvel (—/0) associated with oxygen, also at ~E,—0.9
ev.>

The model proposed by Dean has been challenged by
Morgan,” who suggested a new “weak-bonding” mecha-
nism to explain the electronic properties of oxygen in
GaP. In an extensive review of the spectroscopic data
obtained on GaP:0, Dean® reviewed both his and
Morgan’s models and concluded that his original model
was in fact the correct one. Magnetic resonance studies
which have often helped differentiate between models
have not been very effective on GaP:O. One reason for
this is that the magnetic isotope of oxygen, 70, is only
0.04% abundant making a direct correlation between
magnetic resonance signals and the presence of oxygen or
no presence of oxygen in the defect very difficult.

Electron-paramagnetic-resonance studies in oxygen-
doped GaP were first carried out in 1970 by Toyotomi
et al.” They observed an isotropic resonance with
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g=1.997 whose strength was proportional to the oxygen
concentration in their samples. In 1979, optically detect-
ed magnetic resonance (ODMR) was reported for GaP:O
by Gal et al.® They observed two distinct spectra, an iso-
tropic resonance with g~2 which showed no sign of
resolved hyperfine structure, and a triplet (S=1) reso-
nance showing a strong resolved hyperfine interaction
with a single Ga nucleus. From this and subsequent Zee-
man and stress studies,’ the triplet spectrum was assigned
to an Auger process between O~ and 0°. Recently, how-
ever, Lee'” and Godlewski and Monemar!! have suggest-
ed that this interpretation is not correct. These authors
suggest that the spectrum is related to the Ga interstitial
(Ga;) defect. An optical detection of electron-nuclear
double resonance (ODENDOR) study of this triplet sys-
tem will be published elsewhere.!?
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FIG. 1. (a) The model proposed by Dean et al. (Refs. 1 and
2) for the role of neutral oxygen in GaP. (b) The model of Lee
et al. (Ref. 13) for the origin of the quenching g ~2 ODMR res-
onance in GaP:O,Fe. All numerical values are in units of eV.
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The isotropic ODMR resonance is the subject of the
present study. Lee et al.!® proposed that the g ~2 reso-
nance occurs in the shallow effective-mass-like state of
the excited neutral oxygen donor. In their case they pro-
vided evidence that this g ~2 resonance serves to quench
the two oxygen-related luminescence bands as a result of
a competitive spin-dependent recombination process be-
tween the excited 1S (E) oxygen state and Fe impurities.
The rather long lifetime of the EC PL, ~ 10 us, makes it
possible for the excited state to lose its electron by
transfer to a deep level. The model of Lee et al.'® for
this transfer process is shown in Fig. 1(b). In an attempt
to test if this resonance is indeed due to the oxygen
donor, we have undertaken this ODENDOR study.

II. EXPERIMENTAL DETAILS

The sample used in this investigation was a liquid-
encapsulated Czochralski-grown GaP crystal, supplied by
K. M. Lee. Boric oxide (B,0;) had been added to the
melt during growth to achieve oxygen doping. The sam-
ple dimensions were 1X 1X 1.5 mm?.

PL, ODMR, and ODENDOR experiments were all
carried out at 1.7 K in an Oxford Instruments SM-4 su-
perconducting magnet optical cryostat. The sample was
mounted in a 35-GHz TE;;; mode microwave cavity
designed in the form of concentric rings for optical ac-
cess." Luminescence was excited by ~40 mW of the
514.5-nm line of an Ar™ laser and detected by either a
North-Coast EO-817P Ge detector or an EG&G UV250
Si photodiode. ODMR spectra were recorded by moni-
toring changes in the PL intensity synchronous with on-
off amplitude modulation of the microwaves. In order to
determine the spectral dependence of the ODMR signals,
the PL was dispersed by a Jarrell-Ash 82-487 0.25-m
monochromator prior to detection. For the ODENDOR
studies, a two-turn coil was installed in the cavity such
that its magnetic field axis was perpendicular to both the
static and microwave magnetic fields. cw radio frequency
power was supplied to the coil from a Fluke 6060B fre-
quency synthesizer amplified by an ENI 3100LA solid-
state amplifier. The static magnetic field was tuned to the
g ~2 resonance and changes in the ODMR signal intensi-
ty were recorded as the radiofrequency was swept. The
frequency sweep of the synthesizer was computer con-
trolled with signal averaging being performed as neces-
sary.

III. EXPERIMENTAL RESULTS

Figure 2(a) shows the near-infrared PL spectrum of the
GaP:O sample taken with a resolution of ~20 nm. The
two bands correspond to the transitions originally ob-
served by Dean et al.»?> The band centered at 1050 nm is
the DAP PL transition between the deep oxygen donor
and an unknown shallow acceptor. The structured band
centered at 1570 nm is the EC PL transition. The
ODMR spectrum recorded with the magnetic field
B||[110] is shown in Fig. 3. This spectrum is identical to
that first observed by Gal et al.® We are concerned here
with the quenching resonance at 1.24 T (i.e., the PL in-
tensity decreases at resonance) with g=1.998. This signal
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FIG. 2. (a) The near-infrared PL spectrum obtained from
GaP:O at T=1.7 K. (b) The spectral dependence of the nega-
tive g=1.998 ODMR resonance at T7=1.7 K. The spectra are
uncorrected for the system response.

is isotropic, it has a full width at half maximum of 120 G
and shows no sign of resolved hyperfine structure. The
spectral dependence of this resonance is shown in Fig.
2(b) where we can see that both oxygen-related PL bands
are quenched by the resonance.

A full-sweep ODENDOR spectrum of the g=1.998
resonance taken with B||[100] is shown in Fig. 4. The nu-
clear spin Hamiltonian appropriate to this system and ac-
curate to first order in 4; /gugB and Q;/gugB is

s
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FIG. 3. The ODMR spectrum from GaP:O with B||[110] at
v=35.0 GHz and T=1.7 K.
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FIG. 4. The ODENDOR spectrum of the g=1.998 quench-
ing ODMR line with B||[100] at B=1.24 T and T=1.7 K.

M. The first term contains the magnetic hyperfine and
nuclear Zeeman interactions and the second term the
quadrupole interaction appropriate for I; > 1. Although
Fig. 4 contains a large number of lines, the nucleus in-
volved in each could be identified by measuring the nu-
clear gyromagnetic ratio, u; /I;, from the dependence of
the transition energy on the magnetic field B [Eq. (1)].
All of the ODENDOR lines are found to be accounted
for by the two Ga nuclei, %Ga and "'Ga, and the single
31P nucleus.

An angular dependence study was undertaken and in
Figs. 5-8 the angular variation under higher resolution
for four shells of neighbors are shown. In these diagrams
the data are represented by hexagons whose area is in
proportion to the strength of the ODENDOR signal as
determined automatically by a computer algorithm. The
spin Hamiltonian parameters for these four shells are
given in Table I; the fit to the experimental data is shown
in Figs. 5—8. The principal axis system used in analyzing
the angular dependencies is shown in Fig. 9.

All of the data shown in Fig. 5 (except for the nearly
isotropic P signal at ~29.5 MHz) are accounted for by
the two gallium isotopes. The fit to the data was obtained
by matrix diagonalization of Eq. (1). The fit is excellent,
the ratios of the hyperfine and quadrupole interactions
for the two isotopes matching the known nuclear
moment ratios'® [u(®Ga)/u(’'Ga)=0.7875; Q(%*Ga)/
Q ("'Ga)=1.587] within experimental accuracy. We note
that normally forbidden Am;==2 transitions were ob-
served for the ®Ga isotope (which has the larger quadru-
pole moment) and are indicated by the heavy dashed lines
in Fig. 5. Despite having axial symmetry all the four
branches for each Am; =11 and Am ;=22 transitions do
not collapse to a single point along [100]. This is the re-
sult of a slight tilting of the sample, ~2°, out of the (01T)
plane, the small size of the sample making exact align-
ment difficult. This tilting has been included in the
theoretical fit.
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FIG. 5. The angular dependence of the first-nearest-neighbor
Ga ODENDOR lines, B1[011]. The hexagons are the experi-
mental data and the lines are a theoretical fit to Eq. (1). (®Ga
allowed Am;==1 transitions, heavy solid lines; °Ga Am,; =12
transitions, heavy dashed lines; "'Ga Am; = +1 transitions, light
solid lines.) ‘

The spectrum in Fig. 6 is due to 3'P, its symmetry be-
ing monoclinic (C,;). In Fig. 7 we show a spectrum
from 7'Ga. Its symmetry is also monoclinic (C,). A
spectrum for ®Ga in the same shell, not shown, is also
observed, with identical symmetry at lower frequencies,
but scaled by wu(*°Ga)/u(’'Ga) and Q(%°Ga)/Q (Ga).
The fit to these spectra required only perturbation terms
to first order in Q;/ 4;. Figure 8 shows another 3!P spec-
trum; this time its symmetry is orthorhombic (C,,). The
tilting of the crystal mentioned above has also been in-
cluded in these theoretical fits. Finally, two additional P
and Ga shells at lower frequencies have also been
identified and are indicated in Fig. 4. Although weak in
intensity, signal averaging makes them clearly visible.
For these, the anisotropy was small and only the isotro-
pic part of the hyperfine interaction was determined.
Table I summarizes the results for all eight shells. Equa-
tion (1) predicts two sets of ENDOR transitions, one for
each of the Mg==1 states. However, in our case we ob-
serve only one set of transitions, the high-frequency set,
and therefore we were unable to determine the relative
sign of A; and Q;. Measurements of the nuclear
gyromagnetic ratio along principal directions show that
the A; components all have the same sign.
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FIG. 6. The angular dependence of the second-nearest-
neighbor P ODENDOR lines, BL[011]. The hexagons are the
experimental data and the lines are a theoretical fit to the first FIG. 8. The angular dependence of the fourth-nearest-
term in Eq. (1). neighbor P ODENDOR lines, BL[011].
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FIG. 7. The angular dependence of the third-nearest- FIG. 9. The principal axes of the g, A, and Q tensors used in

neighbor "'Ga ODENDOR lines, B1[01T]. our analysis.
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TABLE 1. Spin Hamiltonian parameters for the shells of neighbors analyzed. The principal axes are

defined in Fig. 9.

Atomic |4, |4, [A4;] 0, 0, Qs
site (MHz)

'Ga INN 53.27 26.01 26.01 +4.60 F2.30 F+2.30

“Ga INN 41.95 20.48 20.48 +7.30 F3.65 F3.65
6=35.26° 0=135.26°

'Ga 3NN 22.90 20.53 20.21 +0.20 +0.23 F0.43
0=67.8° 6=54.8°

®Ga 5NN 7.56 7.56 7.56

“Ga 7INN 6.68 6.68 6.68

3p 2NN 36.19 35.19 35.26
6=130.0°

3Ip 4NN 16.20 15.96 16.26
6=90.0°

3P 6NN 6.72 6.72 6.72

3p 8NN 6.02 6.02 6.02

IV. DISCUSSION

A. Wave function for an effective-mass-like state

Before going on to the interpretation of the ODEN-
DOR data, let us consider the form of the wave function
expected for a shallow effective-mass-like state of a donor
in GaP, in our case the excited 1S (E) state of the oxygen
donor at E, —0.052 V.

GaP is an indirect-band-gap semiconductor. The
conduction-band minima are very close to the Brillouin-
zone-edge X point.!® If the donor under study is
effective-mass-like, then the wave function of the donor
electron in its 1S state can be approximately represented
by a linear combination of the three Bloch states corre-
sponding to the three equivalent X; minima of the con-
duction band, modulated by a slowly varying envelope
function of 1S symmetry. That is

3 .
W)= 3 ao;F(r)ui(r)explikjr) , ()

j=

where j refers to the different minima, u/(r)exp(ik{-r) is
the Bloch function of the jth minimum at ky~27/a,
FUY)r) is a 1S hydrogenlike envelope function obtained
by solving an effective-mass Schrdodinger equation, and «;
is a weighting factor for each minimum. It has been es-
tablished experimentally that at the X, minimum the
conduction-band wave function is maximum on the P
sites with nodes on the Ga sites.!” |y ¥ )|?, the ampli-
tude squared of the wave function at the nucleus of atom
site m, should therefore be zero for atoms on the Ga sub-
lattice. The fact that considerable hyperfine interactions
are observed at the Ga sites is the first strong indication
that the donor under study is not shallow effective-mass-
like.

B. Assignment of the ODENDOR spectra

The first step in the interpretation of the ODENDOR
data is to attempt to order the various shells around the
defect. For a true effective-mass state of the form of Eq.
(2), this is not straightforward because the exp(ik{-r)
terms of the three X; minima will interfere with each
other and |y(r,,)|? will not decrease monotonically with
increasing r,,, but will rather show oscillations from one
neighbor shell to the other.!®* However, since in our case
we observe a considerable hyperfine interaction on the
Ga sublattice the defect wave function cannot be strictly
effective-mass-like. As a result, we will tentatively order
shells that cannot be distinguished by symmetry by de-
creasing |¢(r,,)|2. We will return to a critical evaluation
of this assumption later.

The first-nearest-neighbor shell is expected to have
[111] axial (C;,) symmetry. Therefore, we assign the Ga-
spectrum in Fig. 5 to the first-nearest-neighbor shell
around the defect. This establishes that the defect is cen-
tered on the P sublattice. The second- (P), third- (Ga),
and fourth- (P) nearest-neighbor shells must therefore
have C,,, Cy,, C,, symmetry, respectively, and so the
spectrum in Fig. 6 is assigned to the second-nearest-
neighbor shell, that in Fig. 7 to the third-nearest-
neighbor shell, and that in Fig. 8 to the fourth-nearest-
neighbor shell. The remaining two Ga spectra are tenta-
tively assigned to the fifth- and seventh-nearest-neighbor
shells, the two P spectra to the sixth- and eighth-nearest-
neighbor shells, each in order of decreasing hyperfine in-
teraction. These assignments are also included in Table I.

The ODENDOR lines of each shell are rather narrow
having a full width at half maximum of about 0.05 MHz.
However, a 1S (E) state is doubly degenerate and strains
would mix these two levels and considerably broaden the
ODENDOR lines. This provides strong additional evi-
dence that the ODMR resonance does not occur in the
1S (E) state of the oxygen donor.



3212

C. LCAO analysis

One method for analyzing the wave-function distribu-
tion of the unpaired electron on the defect is by the linear
combination of atomic orbitals (LCAQO) approximation.
The unpaired electron is represented by a linear combina-
tion of atomic orbitals centered on the atoms near the de-
fect ‘

Y= E.'rljfﬁj ’ (3)
J

where ni is the amount of the electron distribution at the
jth atomic site. The atomic orbital is in turn approximat-
ed by a combination of s and p valence orbitals

$;=a;(¢,);+Bi(d,); )

where af is the fraction of s orbital and BJZ- the fraction of

p orbital, in ¢;. In the approximation that the hyperfine
interaction at the jth site is determined primarily by ¢ s
the interaction is axially symmetric along the p-orbital
axis and can be written!’

(A” )j=aj+2bj N

(A,);=a;—b; .

(5)

The isotropic term a; arises from the Fermi-contact in-
teraction

167 Hj
I

3 a6, (0, (6)

aj_

where p; is the magnetic moment and I; the spin of the

jth nucleus, while the anisotropic term b results from the
dipole-dipole interaction averaged over the electronic
wave function and given by

4 | K4

b.=— | —

2,2 -3
=5 |7, B ray’; - @

The free-ion values for 3!P were taken as a=11 146 MHz,
and b=310 MHz.!° The values for ®?Ga were estimated
using recent self-consistent Hartree-Fock calculations?®
and are a=7430 MHz and b=148 MHz. From these the
molecular wave-function coefficients (aj, B3, and 75?)
were calculated from the observed hyperfine parameters,

a; and b;. The results are given in Table II. By multiply-
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ing 77]2- by the number of equivalent nearest-neighbor sites,
N, the total fraction of the wave function for each near-
neighbor shell is determined. From Table II we see that,
about 40% of the unpaired electron wave function is ac-
counted for over the eight nearest-neighbor shells ob-
served.

D. Envelope-function analysis

An alternative method of analyzing the defect wave
function is to consider it as made up of a smoothly vary-
ing envelope function which is orthogonalized to the
filled cores of the lattice atoms. The advantage of this ap-
proach is that it can serve as a guide to estimate the bind-
ing energy of the defect.

Following the method of Gourary and Adrian,
“envelope function” ®(r) which describes the average
spatial distribution of the one-electron wave function is
constructed. In a separate step, this envelope function is
made orthogonal to the one-electron wave functions ¢¢,
representing all of the core orbitals (a) at each of the ith
atomic sites. The unpaired electron wave function may
then be written as

Y(r)=N [®(r)— 3 ¢¥( 7| D) |, (8)

i,a

21,22 an

where N is a normalization constant. Gourary and Adri-
an?'?? obtained the value of the electron density at the
nucleus |¢(r;)|? of the ith ion by multiplying the value of
the envelope function |<I>(r,- )|? at this point by an
amplification factor G, that roughly depends only on the
nature of the ion. In this way, the isotropic hyperfine
constants measured with magnetic resonance techniques
could be used to estimate the value of the envelope func-
tion at each of the lattice points.

In Eq. (8), the admixed atomic functions ¢{ provide the
major contribution to the hyperfine interaction at nucleus
i. This result follows from the nature of the hyperfine
Hamiltonian which is very small everywhere except in
the immediate vicinity of the nucleus. In calculating
|(r;)|? for a given nucleus i, it is therefore necessary to
include in ¥ only ® and those S-state orbitals ¢¢ which
are centered on atom i. Since ®(r) is a slowly varying
function of position, the overlap integral {$%|®) can be
approximated by

TABLE II. Hyperfine parameters (a; and b;) and the corresponding linear combination of atomic
orbitals—molecular orbitals (LCAO-MO) wave-function coefficients calculated from the observed
hyperfine constants for the atom sites in the vicinity of the donor under study.

Atomic No. a al B Uk N7}
site of atoms (MHz)

%Ga INN 4 27.64 7.16 0.07 0.93 0.0520 0.21
%Ga 3NN 12 16.73 0.65 0.34 0.66 0.0066 0.08
%Ga 5NN 16 7.56 1.0 0.0010 0.016
“Ga 7NN 16 6.68 1.0 0.0009 0.014
3P 2NN 12 35.55 0.32 0.75 0.25 0.0042 0.05
3p ANN 6 16.14 0.08 0.97 0.03 0.0015 0.01
3Ip 6NN 24 6.70 1.0 0.0006 0.014
31p 8NN 8 6.02 1.0 0.0005 0.004
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(¢¢10) ~(r;) [ $2dV . 9
Combining Egs. (8) and (9) we obtain

[9(r) 2~ G, N?|®(r)|?, (10)
where

G,= 1—2¢§-’(0)f¢§-"dV2. (11)

In our analysis, the measured isotropic hyperfine con-
stants shown in Table II were used to determine the elec-
tron density |(7;)|? at each of the nearly nuclei i. G; was
calculated by using self-consistent Hartree-Fock func-
tions for the Ga® and P° ions where the sum was over
only the filled core orbitals (1S,2S for P, 15,2S§,3S for
Ga).?> We then determined |N®(r;)| and the values for
the shells analyzed are given in Table III and in Fig. 10.
We note in the figure that this method of analysis does
indeed appear to reflect an enhanced concentration on
the P sublattice, perhaps a residual influence of the X
valleys, although the effect is not large. The average radi-
al dependence is explained well by a simple exponential
dropoff as indicated. Volume integrating this averaged
[N®(r)]?> gives the normalization factor N ~0.89, a
reasonable value. Using this value of N, the normalized
|®(r;)| were also estimated and the results are included
in Table III. In Fig. 10, the appropriate vertical scale for
|®(7)| has also been included.

In order to extract an estimate of the binding energy of
the defect wave function the following was argued. We
expect that the wave function at large distance from the
central cell should drop off exponentially with a rate
reflecting the binding energy of the unpaired electron.
We approximate the envelope wave function as that of
the 1S hydrogen atom state in a uniform medium of
dielectric constant €. This problem has the simple solu-
tion?*

1 —r/a,

=70 (12)
Yis (mad)'”?
with binding energy
E =m*e* 2 s#* (13)

TABLE III. Estimated values of the envelope function for
the donor in GaP:O at several atomic sites.

Atom sites i IN®(r;)| (a.u.) |®(r;)| (a.u.)

Ga®, G, =470.56

INN (r=4.46 a.u.) 0.00746 0.00840

3NN (8.54 a.u.) 0.00582 0.00654

SNN (11.23 a.u.) 0.00383 0.00430

7NN (13.38 a.u.) 0.00363 0.00408
P%,G,=141.59

2NN (r=7.28 a.u.) 0.01112 0.01249

4NN (10.30 a.u.) 0.00747 0.00840

6NN (12.62 a.u.) 0.00489 0.00550

8NN (14.57 a.u.) 0.00444 0.00500

3213

1 -
~ 3
3 o
o SN
— e
5 z
o (@]
o o

H0.1
0.1 L L

1
2 6 10 14 18
distance (a.u.)

FIG. 10. Envelope function for the unpaired electron of the
defect under study showing the experimentally determined
values for the P and Ga shells. Normalized 1S hydrogenic wave
functions are shown with (a) effective-mass Bohr radius
a,=30.9 a.u. resulting from €,=10.8 and m*=0.35m,; (b)
ay=9.0 a.u., resulting from €,,=9.0, and m *=m,, and (c) best
match @, =7.9 a.u.

and a Bohr radius
an= et? - #i
° m*e? V2mlE|

First consider the solution of Eq. (12) for an effective-
mass-like wave function with m*=0.35m (Ref. 25) and
with the static dielectric constant®® €,=10.8 appropriate
for a large orbit wave function. The result is shown as
curve a in Fig. 10. This wave function has a binding en-
ergy of 0.04 eV and an effective Bohr radius a, of 30.9
a.u. The predicted amplitude on the nearest neighbors
and dropoff rate for the defect envelope function are
clearly much less than the experimentally observed
values. Next consider the solution with the free-electron
mass and the optical dielectric constant €,p=9.0 (Ref. 25)
more appropriate to a deeper state. The resulting binding
energy is 0.17 eV with a;=9.0 a.u. The wave function as
shown in Fig. 10 [curve (b)] is very close to the experi-
mental results. The best match to the experimental data,
given by curve (c) in Fig. 10 corresponds to a,=7.9 a.u.
With Eq. (14) this suggests a binding energy of ~0.22 eV,
reflecting presumably a small additional central cell
effect.?® To our knowledge this does not correspond to
any known level of oxygen in GaP (Ref. 6) or of the other
group-VI donor-energy levels of S, Se, and Te at 0.110,
0.109, and 0.095 eV below the conduction band.?’

(14)

E. Discussion

Ordering the shells as we have done in simple mono-
tonic order versus distance serves, therefore, to give a
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consistent picture for the defect. However, we must be
careful. For example, a pure effective-mass X, state pre-
dicts wave-function probability density oscillations on the
sequential P shells of 3:1:3:1, etc. Although we have ar-
gued that it cannot be a pure effective-mass state, residual
effects of these oscillations could be present. We have a
few good benchmarks: On the P sublattice, we have the
C,, site which has been assigned to the six-atom second P
shell. This would be an X, predicted ‘“3-density” shell
and the probability of error is therefore small. (The next
shell of this symmetry, also of 3-intensity, is at twice the
separation and, according to Fig. 10, the envelope has de-
creased by over a factor of 4.) The first-, third-, and
fourth-P-nearest-neighbor shells, however, all have C,,
symmetry, the first and third having an X, predicted “1-
density” and the fourth, 3-density. There is the danger
here of misordering. However, we believe the nearest
shell is at least correctly identified. Otherwise the en-
velope function would not decrease versus r. These argu-
ments suggest therefore that the first two P shells at least
are correctly identified. On the Ga sublattice we can ar-
gue again that the first two are correctly identified be-
cause of their different C;, and C,, symmetries plus the
progressively decreasing quadrupole interaction which
reflects the electric field gradient produced by the core.
The last two of each sublattice therefore could be misor-
dered but it is clear from Fig. 10 that would not affect the
conclusions significantly.

The substantial wave-function concentration on the Ga
sublattice and the apparent lack of significant radial oscil-
lations argue strongly against substantial X, effective-
mass character in the wave function. Also the sharp
ENDOR transitions for each shell and overall T; symme-
try indicate an electronic state of A4; symmetry, not
1S (E). As pointed out earlier, the 1S (E) state is doubly
degenerate and strains would mix the two to provide
large random departures from equal electron density on
each atom of a given shell. Finally, our state is deep
~0.22 eV, inconsistent with the estimate for the 1S (E)
state of ~0.05 eV?, as shown in Fig. 2.

Still, we have estimated that the wave function is cen-
tered on the P sublattice and its negative ENDOR signal
has so far been reported only for GaP:O. We believe that
it is associated with the donor state of a defect because of
its isotropic g=2. An acceptor state at E,+0.22 eV
should have considerable orbital angular momentum ad-
mixed into it with a corresponding g value significantly
different from 2. If we had been able to determine the
relative signs of Q/ and A4; we could have deduced the
sign of the charge of the core of the defect, providing a
direct test of its donor or acceptor character. This con-
tinues to suggest identification with substitutional oxygen
in its donor state. Possibilities that should perhaps be
considered are excited 1S(A4;) states made up from
higher-lying subsidiary conduction-band minima (I", L,
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etc.) as has been proposed for donors in Al ,Ga,_, As
(Ref. 28) or the 25( 4 ) state from X, its depth resulting
from a large central-cell effect as has been found for the
1S(A4,) ground state of oxygen.? It would clearly be
highly desirable to study a sample doped with the mag-
netic isotope 70.

V. CONCLUSIONS

We have investigated a donor in GaP:O which gives
rise to a quenching ODMR signal on both oxygen-related
near-infrared photoluminescence bands by resolving its
ligand hyperfine structure with the ODENDOR tech-
nique. This ODMR signal was assigned recently by Lee
et al.'® to the shallow effective-mass-like 1S (E) excited
state of neutral oxygen. We have established that the
wave function is centered on the P sublattice. It has full
T, symmetry indicating a defect wave function of 4,
symmetry. It has considerable hyperfine interaction on
the Ga neighbor shells and ~40% of the donor electron
wave-function distribution has been accounted for be-
tween the first- and eighth-nearest-neighbor shells. An
orthogonalized envelope-function analysis was performed
and the observed dropoffs for both the P and Ga shells
are well matched with a free-electron mass hydrogenic 1.5
wave function with a binding energy of ~0.22 eV.
Therefore the donor is rather deep which in turn means
that the quenching ODMR resonance does not result
from the effective-mass-like 1S (E) state of neutral oxy-
gen.

The identity of the donor is still unknown. Since the
binding energy (~0.22 eV) does not correspond to any
known donor level associated with oxygen in GaP a num-
ber of possibilities are suggested. (i) The donor is not ox-
ygen. Near-band-gap PL is also observed from this sam-
ple indicating the presence of the shallow group-VI
donors S, Se, and Te. Their known binding energies,
~0.1 eV, however, also do not match. (ii) The resonance
occurs in an excited 1S (A4 ,) state made up from higher-
lying subsidiary minima (I',L) or from the 25(A4,) state
associated with X ;. At this point those various sugges-
tions cannot be distinguished.
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