
VOLUME 43, NUMBER 21 PHYSICAL REVIEW LETTERS 19 NovxMBER 1979

nowledges a travel grant from the Deutsche For-
schungsgemeinschaft.

i' Permenent address: Abteiiung fiir Theoretisohe
Festkorperphysik, Universitat Hamburg, Hamburg,
West Germany.

D. J. Scalapino, in Superconductivity, edited by
R. D. Parks (Marcel Dekker, New York, 1969).

H. H, . Shanks, Solid State Commun. 15, 753 (1974).
3L. Kopp, B. N. Harmon, and S. H. Liu, Solid State

Commm. 22, 677 (1977).
4A. J. Bevolo, H. R. Shanks, P. H. Sidles, and G. C.

Danielson, Phys. Rev. B 9, 3220 (1974).
5N. J. Chesser, J. G. Traylor, H. R. Shanks, and

S. K. Sinha, Ferroelectrics 16, 115 (1977).
C. N. King, J. A. Benda, R. L. Greene, and T. H.

Geballe, in Lozv TemPerature Physics —LT13, edited
by K. D. Timmerhaus, W. J. O' Sullivan, and E. F.
Hammel (Plenum, New York, 1974), Vol. 3, p. 411.

'H. R. Shanks, J. Cryst G.rowth 13/14, 433 (1972).
W. A. Kamitakahara, B. N. Harmon, J. G. Traylor,

L. Kopp, H. H, . Shanks, and J. Rath, Phys. Rev. Lett.
36. 1393 (1976)

P. B. Allen and R. C. Dynes, Phys. Rev. B 12, 905
(1975).
"G. Bergmann and D. Rainer, Z. Phys. 263, 59 (1973).

New Evidence for the Two-Electron 0 State in GaP
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Optically detected magnetic resonance in oxygen-doped GaP shows that the infrared
emission at 0.84 eV and its phonon replicas are due to a spin-triplet to -singlet trans-
ition of the theo-electron state of oxygen. The resonance data also show that the two-
electron center has axial symmetry along the [ 110] axis, indicating that af'ter capturing
the second electron a strong lattice relaxation takes place.

The role of oxygen in GaP has been studied ex-
tensively for many years by various techniques, '
but the nature of the two-electron oxygen-related
electronic states is still a matter of controversy.
Experiments have shown that oxygen is a deep
donor on a P site and that the neutral donor binds
an electron by 0.895 eV at. 1.6 K. Dean and Hen-
ry' have shown that in addition to the donor-ac-
ceptor transitions involving the deep oxygen do-
nor, another infrared luminescence emission is
also due to oxygen. A zero-phonon line at 0.84
eV accompanied by phonon replicas has been
shown to shift upon replacing "0by ' 0. The lu-
minescence mas thought to result from a radia-
tive transition of an electron from the excited 1s
E state of the isolated oxygen donor to the 1s A
ground state. In 1973, by using photocapacitance
measurements, Kukimoto, Henry, and Merritt'
and Henry discovered that thy deep 0 donor in
GaP could bind two electrons to become 0 . Af-
ter binding the first electron, the donor could
capture a second electron mith a subsequent large
lattice displacement indicating that a substantial
change in the 0 host bonds had taken place.
Grimmeiss et al. ' and Morgan, ' on the other hand,
interpreted their two-electron photocapacitance
data by supposing that the selection rules were

such that optical transitions between the X, con-
duction-band edge and the two-electron ground
state were very weak and this could explain the
observed high optical threshold energies without
involving a large Franck-Condon shift. Recently,
Morgan' reinterpreted the infrared spectra of
Dean and Henry, ' suggesting that the 0.8-eV emis-
sion involved radiative transitions of the second
electron bound to oxygen. His conclusions were
based on the differences between the phonon
modes involved in the infrared spectra and those
involved in the neutral-oxygen donor-to-accep-
tor pair luminescence.

We have studied the electron states in oxygen-
doped GaP by the optically detected paramagnet-
ic resonance (ODMR) technique. Our results
show that the emitting level of the 0.84-eV tran-
sition, observed first by Dean and Henry, ' is a
spin triplet. The orientation dependence of the
ODMR spectra and the observed strong hyper-
fine interaction with one Ga nucleus show that
the symmetry of the center is lower than tetra-
hedral. These results can be explained if we
suppose that the infrared band is a triplet-to-
singlet transition of the two-electron 0 state,
in agreement vith Morgan, ' and that after cap-
turing the second electron lattice relaxation oc-
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curs, leading to a substantial change in the 0
to host bonds, as suggested by Henry ef al. '

The ODMR technique has been used successful-
ly in recent years to investigate both high-purity
and doped semiconductors. ' In the ODMR experi-
ment, one measures changes of the photolumi-
nescence intensity induced by microwaves as the
magnetic field is swept through resonance. Our

apparatus has been described in detail elsewhere
(see Cavenett'). The emissions at 2 K in various
spectral regions were monitored in a direction
parallel to the magnetic field with either a cooled
PbS cell or a photomultiplier so that the micro-
wave-induced changes in either the total intensity
or in one of the circularly polarized emission
components could be detected. The microwaves
at 9 or 16.5 GHz were switched at audiofrequen-
cies and the resonances were detected using a
lockin operating at the microwave chopping fre-
quency.

The majority of the GaP crystals used in these
investigations were epitaxial layers doped with

oxygen, some of which were also doped with ei-
ther Zn, or Te, or both. Other crystals were ei-
ther solution grown or nominally pure LEC-
grown (liquid-encapsulated Czochralski grown)
crystals. The photoluminescence spectra of the
crystals showed the characteristic neutral-oxy-
gen-related donor-acceptor bands in the red and

near-infrared part of the spectrum. " The struc-
tured infrared band consisting of the 0, 84-eV no-
phonon line and its phonon replicas is shown in
Fig. 1 and was observed only in those samples
where the shallow-donor and -acceptor concen-
tration was below 10"cm '.' In the following we
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shall refer to this band as the 0 band.
By using the 799-nm line of the Kr laser we

could preferentially excite the 0 band without
exciting any of the other oxygen-related emission
bands. A typical ODMR spectrum is shown in
Fig. 2 for the magnetic field along the [110]di-
rection and a microwave frequency of 16.5 GHz.
Angular-dependence studies of the resonances at
both microwave frequencies showed that. these
resonances can be accounted for by a spin triplet
in the emitting state of the 0 center which has
axial symmetry around the [110]direction and a.

nuclear hyperfine interaction with one Ga nucleus.
The spin Hamiltonian for such a system is the
folio wing
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FIG. 1. Photoluminescence spectrum of the 0 band
in oxygen-doped GaP.

FIG. 2. Top: optically detected magnetic resonance
of the 0 band at 16.5 GHz. Bottom: energy level
scheme for a triplet in an axial field showing hyperfine
interaction with one Ga nucleus. For the sake of sim-
plicity an average hyperfine constant is illustrated
instead of one for each Ga isotope.
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where S= 1 and D is the zero-field splitting con-
stant. The hyperfine constants A, and A, describe
the interactions between the electron spin and the
"Ga and "Ga nuclei, each with I = 2. Using the
known isotopic abundancies, we used a line-fit-
ting procedure of an expanded recording of the
resonance to obtain the resonance parameters
which, for the magnetic field in the [110]direc-
tion, are the following: gll=2. 011+0.005, D
=+(2.32+0.01)x 10 5 eV. A =(4.40+ 0.02)x 10 '
eV, and A, =(5.88+0.02)x 10 ' eV. The resonanc-
es are observed as increases in the total emis-
sion intensity which corresponds to the case for
a triplet system where the spin relaxation time
is longer than the radiative and nonradiative life-
times and the population differences between Zee-
man levels are determined by the different de-
cay rates from these levels. In the present sys-
tem the populations of the radiative M =+ 1 states
drop below that of the Ai = 0 state which has a long
radiative lifetime because of the selection rules.
Thus, at resonance the ~0)- ~+ 1) and the ~0)
—

~

—1) transitions will be observed. " The posi-
tive sign of D was determined from the polariza-
tion properties of the resonances; the high-field
resonance was by a factor of 10 more intense for
0 than 0+ emission.

In order to determine the full symmetry of the
0 site, angular-dependence measurements have
been carried out. The spectra are made more
difficult to analyze, since in ODMR one has to
take into account the effect of the magnetic-field
orientation on the optical selection rules. If the
magnetic field is applied at an angle to the crys-
talline axis, the states become mixed (by terms
such as g~pB sinOS„) and the radiative transition
from the M =0 state becomes allowed. There-
fore, the population differences between the Zee-
man levels depend on the angle between the crys-
talline axes and the magnetic field and thus not
all expected resonance transitions are observed
in the angular-dependence measur ements. How-

ever, it is clear from our measurements that
the principal distortion of the lattice is in the
[110]direction but the precise determination of
all the spin Hamiltonian parameters is very com-
plicated and a full analysis of the magnetic reso-
nance data will be published elsewhere. "

The optical detection of the level crossing be-
tween the M =0 and the M = —1 levels confirms
the triplet nature of the energy level scheme. In

the Ievel-crossing experiment the magnetic field
(being parallel to the [110]direction) is swept
without the presence of the microwave field and
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FIG. 3. Variation of the luminescence intensity of
the 0 band as a function of magnetic field (level
crossing). Also shown is the energy level scheme
near the level crossing between the M = -1 and I= 0

states.

an increase in the light intensity is observed at
the crossing points of the M =0 and the M = —1
levels as can be seen in Fig. 3. This again is
due to the mixing of the M = 0 and the M = —1
states. The increase of the

~

—1) population at
the level crossing increases the 0 emission and

also the v„emission via the (~ + 1))-(~ —1)) coup-
ling. ' The position of the level crossing is in

good agreement with the energy diagram.
The observed interaction between the 0 state

and a single Ga nucleus with I= 2 can be explained
if we suppose that when 0' captures a second elec-
tron into the 0 excited state the lattice relaxes
to a new equilibrium state which is characterized
by an axial symmetry around the [110]direction
and a strong interaction between the 0 atom and

one of the Ga atoms. Such a spontaneous distor-
tion of the local symmetry from tetrahedral to
axial can be due to the Jahn-Teller effect, which
lifts the orbital degeneracy of the triplet system.
Another possibility could be a static deformation
due to the presence of an interstitial impurity
with I = 2. This second hypothesis is, however,
difficult to reconcile with the spectral dependence
of the ODMR signals (see below).

We have studied the ODMR signals in different
spectral regions by exciting luminescence with

above-band-gap excitation. In those samples
which showed the 0 band, the neutral 0 to Zn,
Cd, or C donor-acceptor emission bands showed
similar resonances to the 0 band, but these res-
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onances were not observed in other samples.
These results are consistent with our model, At

resonance, the population of the triplet excited
state decreases and that of the singlet ground
state increases. The singlet state is expected to
contain one electron in a localized state and one
in an extended state. ' This loosely bound elec-
tron can be annihilated by a nearby hole, leading
to an increase in the neutral-0-donor population.
Thus the same resonance is expected to be ob-
served on the neutral-0'-related emission bands.
Since the 0' state is known from several indepen-
dent experiments to be a substitutional impurity,
we exclude the possibility that the [110]distor-
tion is due to the presence of an interstitial, as
discussed above. This mechanism is further sub-
stantiated by the fact that we observed the same
resonance on the emission of an exciton bound to
a neutral Zn acceptor, but of opposite sign'. This
means that the number of neutral acceptors de-
creases following the resonance of the 0 state,
which directly follows from the previous argu-
ment.

The above interpretation of the 0 band pro-
vides a simple explanation for the quenching of
this band with increasing acceptor concentration
as well as for the absence of saturation of the 0
band under strong excitation. ' (For a discussion,
see Morgan, Ref. 7.) In addition, the absence of
the zero-phonon transition in the absorption spec-
tra' strongly suggests that it is a (spin-) forbid-
den transition, supporting the proposed model.

The sharp electron resonance at@ = 1.993 (B
= 0.5916 T) is observed as a decrease on all emis-
sions but the linewidth and line shape depend on
the excitation wavelength and so there are sever-
al contributions to this resonance. One likely
possibility is that it is due to the spin-dependent
capture of the second electron by the neutral oxy-
gen center to become an 0 center. " Another
possibility is that this resonance is related to a
nonradiative center with spin-dependent electron
capture.
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