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Transfer processes for excitons bound to complex defects in GaP
studied 13 optical detection of magnetic resonance
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A comprehensive discussion of relevant transfer processes for excitons bound to complex defects
in GaP is presented on the basis of experimental studies by optically detected magnetic resonance
(ODMR). A new experimental procedure is applied for determination of the efBciency of the ener-

gy migration processes among complex defects in the GaP lattice. The role of phonon interaction
in the transfer transitions is discussed, with the example of excitation-energy transfer from shallow
donor-acceptor pairs in GaP to excitons bound at complex isoelectronic defects. It is explained
that the sign of the sensitizer ODMR signal may relate to the nature of the phonon interaction.
The relevant ODMR signal is positive for "pure1y" electronic transitions or for one-site phonon
interaction and it may be observed as negative for two-site phonon interactions in the transfer pro-
cess. The data presented prove the quenching action of the antisite-related complex defects on the
GaP visible emission. The mechanism responsible for photoluminescence quenching in this case is
shovvn to be excitation-energy transfer, probab1y due to phonon-assisted tunneling of bound exci-
tons.

I. INTRODUCTIGN

Transfer processes for excitons bound to complex de-
fects in GaP are studied in this work, by means of opti-
cally detected magnetic resonance (ODMR). These pro-
cesses are of high interest since they can often limit the
eSciency of radiative recombination processes, via ener-

gy transfer to nonradiative recombination centers. In
addition, it is shown to be very important to understand
the role of such transfer processes in order to interpret
ODMR data for defects in semiconductors in a proper
way.

If a light-emitting defect system is placed in a magnet-
ic field the photoluminescence (PL) intensity may be
affected, since the relevant recombination processes are
subject to spin selection roles. This can be readily ex-
plained for a case of a recombining donor-acceptor pair
(DAP) with two centers of s = —,

' con6guration, or for the
quite common spin triplet configuration of a bound-
exciton (BE) system. ' In both cases an excited state has
a strongly emitting singlet configuration (antiparallel
spins) and a slowly emitting spin triplet configuration.
The basis of the optically-detected-magnetic-resonance
technique is a change of the spin population of the sub-
levels of the excited (BE) state, by inducing magnetic
resonance transitions between them. By such transitions
some of the excess population of the slowly emitting
states is transferred to fast emitting ones, and hence an
increase of the emission intensity will be concomitant
with the relevant magnetic resonance transition. The
above means that a magnetic resonance [electron-spin
resonance (ESR)] of tllc cxcltcd state of all cllllttlIlg
center may be detected by observing changes of the PI.
in the resonance, either as a change of its total intensity
or as a change of the polarization pattern. In ODMR,

therefore, two powerful techniques are coupled —ESR
and PL. In many cases the application of ODMR has
allowed for direct identification of the nature of the
emitting center, and of the recombination mechanism.
The numerous successes of this technique have also un-

fortunately been accompanied by some evident misinter-
pretations.

It has been shown on several occasions that the
ODMR signals observed may not be directly related to
the emitting center, and that they may come from a
ground state or an excited state of some other center,
linked with the emitting one by a spin-dependent interac-
tion. ' Di8erent spin-dependent mechanisms have
been considered to explain such a linking. '"

In this paper we utilize the common observation of an
ODMR signal due to spin-dependent energy transfer to
study the energy transfer processes between diferent BE
systems, from DAP's to BE's and vice versa, and also
the energy migration from radiative recombination
centers to PL quenching centers, such as the antisite-
related defects in GaP.

This paper is organized in the following manner. In
Sec. II a short description of the experimental tech-
niques used is presented. This is an important part of
this paper, since a new approach to the studies of
transfer processes is presented. We propose an extension
of the standard ODMR measurements with studies of
dye-laser-excited excitation spectra of the ODMR sig-
nals.

The relevant experimental results and their interpreta-
tion are given together in Sec. III (Discussion) of this pa-
per. In this section the impact of elIcient transfer pro-
cesses between BE's or DAP's and BE's on the ODMR
signals of the emitting centers is discussed. The new ex-
perimental approach to the studies of the electronic en-
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ergy transfer is demonstrated on an example of our re-
cent studies of BE's bound at complex defects in Gap.

The case of *'purely" electronic and of phonon-assisted
energy transfer processes is discussed, and related experi-
mental results are presented. The discussion is supple-
mented by a short comment on the possible effects of the
Zeeman energy transfer (spin cross-relaxation effects) on
the ODMR data.

II. EXPERIMENTAL

The ODMR measurements have been performed on a
modified Bruker 200D-SRC X-band (9 GHz) ESR spec-
trometer, equipped with an Oxford Instruments He-Row
cryostat (Oxford ESR 10) and a cylindrical cavity, allow-
ing for optical access from all directions. This system al-
lowed for variation of sample temperatures down to 2 K,
and a microwave power up to 600 m%' could be used,
chopped by a p-i-n diode at one of the chopping frequen-
cies available (37.5 Hz, 375 Hz, 1.5 kHz, 6 kHz, and 12
kHz}. An external oscillator could also be used„with a
possibility of continuous change of this chopping fre-
quency.

Optical excitation was obtained from an Ar+ laser
(Coherent Innova 100). The 5145-A line has been stan-
dardly used for the GaP samples studied. A variety of
optical detection systems has been applied, depending on
the emission range. These have been S20- and S1-type
photomultipliers or a nitrogen cooled North-Coast EQ
817 Ge detector. Experiments could be performed in
both the Faraday and the Voigt configurations.

For the spectral dependence of the ODMR signal
(ODMR-PL} the magnetic field has been set at resonance
and a Jobin-Yvon 0.25-m grating Inonochromator has
been used to disperse the emission. In the measurements
we detect the strength of the relevant ODMR signal as a
function of the emission spectral region. Such an experi-
ment allows for a precise determination of which emis-
sion a given ODMR signal is linked to.

The excitation spectrum of the ODMR signals
(ODMR-PLE) has been measured by employing a
Coherent 590 tunable dye laser as an excitation source,
pumped by an Ar+ laser. In this experiment the mag-
netic field has been set at resonance, and the emission
has been selected either by an appropriate filter or a
monochromator. The dependence of the ODMR signal
strength has been measured as a function of the excita-
tion spectral wavelength, and the results in this case
have been corrected for the wavelength dependence of
tunable laser output. This has been done by separate
measurements of the PL intensity as a function of the
excitation wavelength, performed in the same experi-
menta1 setup as used for ODMR-PLE investigations.
For the band gap or the near-band-gap excitations,
corrections for the variation in the effective penetration
depths may also be necessary. The information obtained
from such an experiment is similar to the one obtained
from the standard PL excitation (PLE) data, with an ad-
ditional advantage of the possibility of direct determina-
tion of the recombination mechanism and the identity of
the emitting center(s). We will show below that such an
approach is especially a suitable tool for studies of ener-

gy transfer processes.
A variety of Gap samples have been used in the mea-

surements. These have been either bulk or solution
grown crystals doped by diffusion with copper, lithium,
nitrogen, etc. Diffusion temperatures have been selected
from the range of 400-1000'C. More details on the
sample preparation procedure can be found in the origi-
nal papers referred to in the discussion below.

III. DISCUSSION OF DIFFERENT
EXCITATION TRANSFER MECHANISMS

IN RELATION TO EXPERIMENTAL
DATA FROM ODMR

As indicated in the Introduction a transfer transition
may lead to the observation of an ODMR signal from
onc center on the emission of another center. In what
follows we shall discuss a possible application of the
ODMR to studies of energy transfer processes. Two dis-
tinctly different cases of electronic energy transfer are
discussed. First, the "purely" electronic transition is
treated, followed by a discussion of phonon-assisted
transfer.

A. K1ectronic energy transfer

e
r rI-

4n se0R

3(r, R)(r& R)
(2)

where r, =g;r„, r& ——g;r&; are the summations over the
positions of all electrons of energy transfer sensitizer and

A first theoretical approach to transfer effect in
ODMR was given by Davies. He indicated that the
ODMR signal of the PL quenching center may not
necessarily be observed as a decrease of the PL intensity
in the resonance, as observed previously (e.g., Refs. 16
and 17), but positive signals (increase of the PL intensity
in the resonance) may be observed as well. ' This is a
consequence of the similar selection rules ruling the radi-
ative and energy transfer transitions, as can be easily
demonstrated when classical models of Forster' and
Dexter are analyzed. For interaction times much
longer than the characteristic quantum-mechanical fre-
quency of the system (the time associated with the exci-
tation transfer is much longer than the vibrational relax-
ation time), time-dependent perturbation theory can be
applied. ' In this approach the transfer probability per
unit time is

=2~ 2
Ptransfer ~ I Mtransfer I

where M„,„,r„of the form
I (8;„t) I

is the transfer
transition matrix element and 8;„t is an interaction
Hamiltonian, 5(E) is an energy 5 function, ensuring the
energy conservation during the transfer.

For complex defect systems various interactions can
lead to an energy transfer between defect centers, and
the identity of these interactions may, in general, not be
known. An electric dipole-dipole mechanism is often as-
sumed to be dominant. For this mechanism the interac-
tion Hamiltonian takes the form
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Auorescer, respectively, measured from their nuclei. The
transfer rate is

3l 'c'Q~
PDD =

4 6 4 If,(E)FI(E)dE,
4trnr R E

where ~z is the radiative lifetime of the sensitizer, R is
the separation between the sensitizer and Auorescer ions,

Q& is the integrated absorption cross section of the
Auorescer in units of area times energy, n is the index of
refraction of the host material, and the integral
represents the area of the spectral overlap between emis-
sion and absorption of the transfer sensitizer and
Auorescer ion, respectively. f,(E) and FI(E) are the
normalized shape functions for the spectral emission and
absorption, proportional to the following matrix ele-
ments: 1&y: I~, I @, & I

' and I & yy I ~i I @l &
I

' respec-
tively. g,'I and P, &

denote the excited and ground
states of the sensitizer and Auorescer systems, respective-
ly.

For further discussion it is important to note that the
same matrix elements are obtained when calculating the
transition rates for electric-dipole-induced emission of
the sensitizer and absorption of the Auorescer. For this
reason any magnetic resonance transition which pro-
motes the emission of the energy sensitizer should also
promote the energy transfer, if efficient. In consequence,
on the emission of the Auorescer a positive ODMR sig-
nal of the sensitizer may be observed. Such a possibility
may lead to a misinterpretation of the ODMR spectra„
as indicated by Davies.

A similar result is obtained if one applies the more
relevant theory of SchaiTer and %illiams. ' These au-
thors extended the model of Forster and Dexter to the
case in which three centers (particles) are involved in the
transfer transition, a situation typical for energy transfer
from DAP's (discussed by Davies ) or for BE transfer
processes discussed here. This also holds for higher-
order multipole transfer mechanisms, and for the
exchange-induced processes, also shown to be of impor-
tance. ' lt is tempting, therefore, to conclude that im-
portant information on transfer transitions may often be
deduced from ODMR data. %e will demonstrate this
for the case of BE recombination processes for excitons
bound at isoelectronic complex defects in GaP.

040.)

tems. ' To verify this possibility the ODMR-PLE spec-
trum of the 2.25-eV BE ODMR signal has been mea-

sured. If the data shown in Fig. 2 are a fingerprint of
transfer from the 2.25-eV BE to the (Cu-Li)v one, the
(Cu-Li)v-defect-related ODMR signal should be excited
within the 2.25-eV BE PLE spectrum. The appropriate
experimental results are shown in Fig. 3. The (Cu-Li)v
ODMR-PLE shows an excitation spectrum from the
(Cu-Li)v BE complex and another one (in fact stronger)
rising above 2.25 eV, coming from 2.25-eV BE excita-
tion. These data con6rm that we deal with eScient
transfer between these two BE systems. %e believe that
the complimentary use of the ODMR-PL and the
ODMR-PLE experiments may be the only reliable way
to verify if the relevant transfer processes are efficient.

02 0.3 05
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FIG. 1. The ODMR spectrum of GaP: Cu and Li at 4 K.
The main structure of the spectrum is due to the spin triplet
excited state of the (Cu-Li)v defect, with a no-phonon BE line
at 2.172 eV. The single unresolved line at 0.33 T is due to the
overlapping resonance lines of the spin triplet excited state of
the 2.25-eV BE.

Experimental uertfication of energy transfer
of bound electron hole pairs in GaP-

In Fig. 1 the ODMR spectrum of a GaP:Cu, Li crystal
is shown. On the 2.172-eV BE emission due to an exci-
ton bound at the isoelectronic so-called (Cu-Li)v de-
fect ' two positive ODMR signals are observed. A
central part of the spectrum around g =2 (8 =0.33 T) is
found to be related to the exciton bound at another com-
plex defect, the so-called 2.25-eV BE. In Fig. 2 the
spectral dependence (ODMR-PL) of this ODMR signal
is shown. It can be seen that the ODMR signal is ob-
served not only on 2.25-eV BE emission but on the
(Cu-Li)v PL as well. This is a first indication that excita-
tion transfer occurs between these two complex sys-

2.20 2.I5 2.IO 2.05
~~OTON EXERGV (eV)

FIG. 2. The spectral dependence of the 2.25-eV BE reso-
nance spectrum. The strong band for energies between 2 and
2.17 eV is identified with the (Cu-Li)v BE emission, indicating
that strong excitation transfer occurs between the (Cu-Li)& and
the 2.25-eV BE systems.
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The QDMR-PLE itself can be used also to measure the
intracomplex excitation transitions, as discussed previ-
ously by one of the authors.

B. Phonon-assisted energy transfer

In the "classical" models of Forster and Dexter a
spectral overlap between the emission of the sensitizer
and the absorption of the ffuorescer was a prerequisite
for an efficient energy transfer. However, if an energy
mismatch occurs between these two spectra it must be
taken away by phonons. A ffrst extension of the transfer
theory to the case of the phonon-assisted transfer has
been presented by Miyakawa and Dexter. For the case
of phonon emission or absorption taking place at a sin-

gle site formulas similar to Eqs. (1)-(3)are obtained, i.e.,
the transfer probability is proportional to an overlap of
absorption and em. ission line shapes of the Auorescer and
sensitizer, respectively. Both these transitions (absorp-
tion, emission) are phonon-assisted optical processes.
For phonon interaction taking place at both sites active
in the transfer process, the relevant transfer rate does
not, however, relate directly to the spectral overlap.
This means that if the transfer process is a phonon-
assisted transition, the conclusions derived from Eq. (3)
may no longer be valid.

The transfer rate for the phonon-assisted transitions is
of the following form:

2%~transfer
SI,Q),$2,gg

I ~transfer I

X5 gran, qha), +BE

2.2G 2,25 230
EXCITATION PHQTQN ENE. RGY (eV)

FIG. 3. The excitation spectrum of the (Cu-Li)& BE QDMR
signal. In addition to a (Cu-Li)q-related phonon-assisted exci-
tation spectrum (2.15-2.25 eV) a stronger excitation band is
seen with a no-phonon line at 2.25 {see inset) and with a quasi-
localized phonon mode of about 7 meV (seen weakly in the
spectrum shown in the inset), These features are a fingerprint
of the 2.25 eV BE, con6rming the energy transfer between the
{Cu-Li)& and 2.25-eV BE systems.

where summation in the 5 function is over occupation
numbers of phonons which can participate in the
transfer process, s, and q; are the polarization indexes
and phonon wave vectors of the initial (i) and final (f)
states, An, q

is the change in the occupation number of
the phonon of polarization index s and wave vector q in
the i ft-ransition, and M„,„si„ is the transition matrix
element of the form

~„.„„„=&IIN It &+@
&f I

&
I mi & &mi

I
@

I

1 &

foal
I

i rnl

&f I
8

I
m, & & m,

I
8

I
m, }& m, I

8
I

1 &

+ g (E, E—+is )(E, E+—is )

where 8 is the interaction Hamiltonian which is a sum
of a site-site coupling Hamiltonian (multipole interac-
tion, exchange, etc.) and the sum of single-site phonon
Hamiltonians g Pt„„t, and s stands for a positive
infinitesimal. The first term in formula (5) relates to the
case of purely electronic transitions, the second describes
the one-phonon-assisted transitions, etc.

A participation in the transfer transition of a variety
of phonons with difkrent polarization indexes means
that a spin memory may be lost in such transitions, and
the spin selection rules will no longer control the
transfer efficiency. One should not, therefore, expect an
observation of the ODMR signal of the transfer initial
state on the PL of the transfer final state. Such a signal
can, however, appear if the transfer processes eSciently
compete with radiative recombination at the sensitizer
center. The resonance transition which promotes the ra-
diative recombination at the sensitizer, consequently
reduces the transfer eSciency, and the ODMR signal of
the initial state can be observed as a decrease of the
Auorescer PL at resonance. This will be demonstrated
below with an example of the DAP~BE transfer pro-
cesses found to be active in Li-doped GaP crystals.

A description of the recombination process of DAP's
for a case of weakly interacting pairs has been given by
Dunstan and Davies. The case where both donor and
acceptor in the pair are spin s =—,

' centers has been dis-
cussed. The relative population of four possible sublev-
els of the excited state for a magnetic field dift'erent from
zero depends on the pumping rate, spin relaxation times,
and the recombination and transfer rates. In most cases
the spin relaxation times are longer than radiative
recombination times and the strongly emitting sublevels
(

I
+ —&, I

—+ & ) will depopulate faster than the slowly
e1111ttliig oiles (

I + + &
I

——
& ) where e g by I + —

&

we denote the sublevel of the excited state of the DAP
with electron-spin up, hole-spin down configura-
tion of the donor and acceptor in the pair, respectively.
This difFerence in the depopulation comes from quite
di8'erent radiative recombination times for singlet
(I + —&* I

—+ &)»«ripl«(I ++ &, I

——&) «bleve»
of the DAP excited state. Due to the spin selection rules
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the electronic multipole transitions to a spin singlet
ground state are allowed only from singlet sublevels of
the excited state. Transfer thus may come mostly from
a triplet state of the DAP, whereas it can be weak com-
pared to a radiative recombination for a singlet
configuration of the pair excited state. As already indi-
cated, the magnetic resonance transition of the sensitizer
promotes its recombination and hence may be observed
as a decrease of the Auorescer emission.

In the discussion given above we have shown first a
case for which a positive ODMR signal from the sensi-
tizer has been observed on Auorescer emission. For
phonon-assisted transfer we have explained that the
analogous signal could be negative as well. %'e will
show here, for the first time, that in fact both cases may
be realized for one system, and that depending on the
experimental conditions the relevant ODMR signal may
be either positive or negative. The above fact compli-
cates considerably the interpretation of the ODMR data,
but is, on the other hand, a source of important informa-
tion on the nature of the transfer mechanism, whether it
is a purely electronic transition or a one-site phonon-
induced process, or if it is a phonon-assisted process in
the sense that phonon interactions are important at both
sites active in the transfer transition.

It is a well-known fact that the pair recombination
rate for both radiative ' and transfer transitions' ' de-

pends on the separation of a pair in the first case and on
the separation between the pair (pair acts as sensitizer)

and Auorescer in the second case. It is a relatively easy
task to select in the ODMR experiment signals coming
from close and distant DAP's. This can be done simply

by selecting the chopping frequencies. For high chop-
ping frequencies (in the range of 10 kHz) we detect
mostly the resonance from closely separated pairs for
which the radiative recombination is fast. For low chop-
ping frequencies (=100 Hz) more distant pairs become
dominating in the ODMR spectrum. For such DAP's
the transfer processes may compete with the radiative
recombination, which is quite slow. The experimental
results indicate that difFerent mechanisms rule the
transfer transitions for close and distant pairs. For close
pairs Eq. (3) is relevant, whereas for distant pairs prob-
ably both radiative recombination and transfer transition
are phonon-assisted processes described by formulas (4)
and (5), i.e., phonon interactions are important at both
sites taking part in the transfer transition.

Such a situation is shown for the first time for the in-

terstitial lithium-related Li ~ donor in GaP. ' The
ODMR signal from this donor has been observed not
only on the appropriate DAP emission (Liz donor, like-

ly C acceptor pair), but on a range of BE spectra at
lower energies as well. This example is a signature of
eScient transfer transitions from "shallow" DAP's to
"deeper" BE's. The ODMR-PI. spectrum of the I.i„
donor is shown in Fig. 4(b) together with the PL spec-
trum measured in the same experimental setup as used
for ODMR measurement [Fig. 4(a)]. For higher chop-
plIlg frcqucIlclcs (1.5 alld 6 kHz) tllc Ll„donor ODMR
signal has been observed as an increase for the PI. at res-
011ancc, Ilot 011ly fol t11c DAP cmlsslon bllt f01 t11c (Cll-

I.9 2.0
I

2.l 2.2 23

PHOTO~ E~ERG~ (eV)

Li)111, (Cu-Li)v, and Li-Li-0 BE spectra as well. By
(Cu-Li)»1, (Cu-Li)v, and Li-Li-0 we labeled here the BE
spectra with zero-phonon lines at 2.242 CV [(Cu-Li),»
(Ref. 33)] 2.172 CV [(Cu-Li)v (Refs. 24 and 25)], and
2.087 eV
Li-Lio Op (Ref. 34) commonly observed in our lithium-
and copper-doped GaP crystals. For lower chopping
frequencies (37.5 and 375 Hz), however, the Li„donor
ODMR changed its sign, and has been observed as a de-
crease of these BE's emissions at resonance. Such a be-
havior is naturally explained by the participation of pho-
nons in the transfer transition at both sites, as discussed
in detail above.

C. Phonon-assists tunneling mechanism
for the BK energy migration

A significant role of the phonons is especially expected
in the transfer processes of the "shallow" BE's. The

l.9 2.0 2.I P..P 23

PHOTON ENE'ROY (eV)

FIG. 4. High-resolution photoluminescence spectrum (a) at
2 K for a Gap:Cu, Li crystal showing the following spectra:
the (Cu-Li)»& BE (no-phonon line at 2.342 eV), the (Cu-Li)v BE
(no-phonon line at 2.172 eV), and the Li-Li-0 BE (no-phonon
line at 2.078 eV), overlapping a shallow donpr-acceptor pair
(DAP) emission. In (b) the spectral dependence of the Liz
donor ODMR signal taken at 4 K is shown. In addition to the
Li„-related DAP emission with maximum at 2.22 eV, the Li„
signal is observed on the (Cu-Li)&«, (Cu-Li)v, and Li-Li-0 BE
spectra. This indicates energy transfer from the DAP emission
to lower-energy BE systems.
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large spatial extent of such BE wave functions promotes
the BE tunneling over much larger distances than possi-
ble for the multipole interaction mechanism. This, for
example, has been demonstrated for nitrogen bound ex-
citons in the Gap, as discussed further below.

The tunneling transfer rate can be estimated from the
following formula:

P,„„=cuoexp( —2R /a;J ),

where coo is in the range 10' —10' s ', R is the tunnel-
ing distance, and a;~ is an average radius of the initial

0
and final BE states, which is about 40 A for energy mi-
gration between N-related defects. From these param-
eters it can be found that within the radiative recom-
bination time for, e.g. , the N-related BE at 2 K (= l 1Ms),

transfer can occur for distances as large as 200 A and
more, i.e., comparable to typical intercenter distances in
the sample.

Similar to the case of the phonon-assisted transfer by
the multipole interaction, a participation of phonons
means that a spin memory is often lost in the transfer
transition. Moreover, the N-related BE ODMR has not
been observed so far. These two facts seemed to obscure
the application of the ODMR for determination of
transfer processes from the N-related BE's to other
deeper complex defects. It means that transfer could not
be verified in a standard way by observing the ODMR
signal from the initial center (N) on the emission of the
(ffnal state) ffuorescer. This problem is of a high practi-
cal importance because of the manufacture of the
GaAs, „P„:N based light-emitting devices (see, e.g. ,
Ref. 37 for a discussion of the N-related BE's in GaP).
It has been assumed that long-range energy migration
processes by tunneling transitions provide a mechanism
by which ihe BE energy is transferred to deep nonradia-
tive centers. %e verify here this hypothesis, checking
the efficiency of the energy transfer from the N-related
BE with zero phonon line at 2.317 eV to the PG,
antisite-related complex defects recently studied.
Three diferent Po,-cu complex isoelectronic defects
have recently been detected by ODMR via the "deep"
HE emissions in the infrared with maxima at 1.0-1.1
eV. ' The antisite-related defects in the III-V semi-
conductors are believed to be eScient eliminators of the
band-edge emissions. The observation of the Pz, -

related ODMR signals and of the appropriate infrared
emissions enables us to verify a high efBciency of the
transfer transitions from the N-related BE's to these
complex defects by performing ODMR-PI. E experi-
ments. The experiment has been performed as explained
in Sec. II above, i.e., the magnetic field has been set at
one of the PG,-Cu resonance signals awhile the excitation
energy has been scanned. The strength of the ODMR
signal has been measured as a function of the excitation
wavelength. The ODMR-PLE spectrum measured in
this way is shown in Fig. 5. In the range of the nitrogen
BE intracomplex absorption transitions a strong excita-
tion of the Po,-cu related ODMR signal (emission) is
observed. These data are believed to be the first reliable
proof that the antisite-related complex defects quench

2.30 232 2.54
E XC 17ATI 0N P H OTON E N E R GY (e V)

FIG. 5. The near-band-gap excitation spectrum of the

Pz,-related ODMR signal. This spectrum and that shown in

Fig. 6 were obtained by setting the magnetic field at resonance

condition, using a Coherent 590 dye laser with a Coumarin 540

dye. A clear fingerprint of the N-related PL excitation spec-
trum is seen, proving an eScient energy transfer from shallow

Np centers to deep Pz, -related antisite complexes in GaP.

224 226 228 230 222

EXCt TATION PHOTON ENERGY (eVI

FIG. 6. The PLE-ODMR spectrum of the 2.25-eV BE sys-

tem, taken at the same experimental condition as the data
shown in Fig. 5. A strong reduction of the excitation efficiency
occurs in the energy region coinciding with the PLE spectrum
of the Ni center (2.317 eV). At lower energy a three-line struc-
ture is well resolved with the singlet (5}BE no-phonon hne at
2.2508 eV. This part of the PLE-ODMR spectrum is a finger-

print of the 2.25-eV HE photoluminescence excitation spectrum
(Ref. 26).
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GaP visible PL due to the e%cient energy migration
from "shallow" BE's to these centers. '

For "shallow" BE fluorescence we found, however,
that the energy migration processes from N centers are
less eScient. This can be seen, e.g., in Fig. 6 where the
ODMR-PLE spectrum is shown for 2.25-eV BE. In this
case the excitation spectra of N and 2.25-eV BE's over-
lap and the appropriate N-related transitions are ob-
served now as "dips*' in the 2.25-eV BE ODMR-PLE
spectrum. This is readily explained as being due to an
eScient excitation of the N-related BE with a quite
ineScient final recombination at the 2.25-eV BE system.
This result is consistent with the general description of
the energy migration processes. It has been assumed
that the excitation migrates fast between various shallo~
BE complexes until it is trapped at a deep recombination
center such as, e,g., the antisite-related complex at which
either nonradistive or infrared recombination occurs.
One should, therefore, expect strong effects in ODMR-
PLE for a deep PG,,-Cu complex acting as the energy
trap, and a quite ineScient PLE inhuence for the
N~2. 25-eV BE case, as in fact confirmed by our experi-
mental data. This is the first direct proof of the above
hypothesis for the energy transfer mechanism.

D. Cross relaxation

The discussion given above has been limited to the
case of electronic energy transfer. A totally different sit-
uation arises when the spin cross relaxation is efficient.
By cross relaxation we understand the exchange of a
quantum of energy between two nearby centers, whose
resonance frequencies coincide, so that they undergo a
spin Aip-flop transition. It is important in this case that
the spin-spin relaxation times between the two close sys-
tems are much shorter than the spin-lattice relaxation
times, and hence the cross relaxation may be a more
effective process in removing energy from a hot spin
system by transferring it to another "cold" spin sys-
tem. Hence, the cross relaxation is an exchange of the
Zeeman energy between two centers, but without inter-
change of electronic excitation energy. In this process
center 1 undergoes first a magnetic resonance transition,
and then it exchanges its spin excitation energy with
center 2 by a spin flip-flop process. In turn, a spin Aop
in center 2, if being in the excited state, may promote its
radiative recombination. It is clear then that the ex-
change of Zeeman excitation energy may lead also to ob-
servation of the resonance signal of one center (in its
ground or excited state) on the emission of another one.
Kluge and Donecker' have shown that the cross-
relaxation mechanism of transfer may lead to very
strong effects in ODMR studies. The resonance signal
of the Mn + ground state has been observed on every
DAP emission in the visible range for Mn-doped ZnS
and ZnSe crystals. '

It is natural to assume that the cross-relaxation pro-

cesses should be of importance also in ODMR studies of
BE emissions. In this case a triplet (S= I) spin
configuration is often found' with magnetic resonance
frequencies coinciding for di8'erent BE systems and DAP
transitions, which is a requirement for ef6cient spin Aip-

Aop transitions. Moreover, due to their large extent, the
BE wave functions often may overlap, satisfying the
second condition for fast mutual spin Hips. It may be
possible that eScient spin-spin interactions are one of
the reasons for a large width of the resonance signals
generally observed in ODMR experiments for III-V
semiconductors. We believe that the common feature in
our studies of the GaP PL, i.e., the observation of a shal-
low donor ODMR signal on diferent deep BE spectra, is
evidence of the cross-relaxation link between donor and
deep BE's. We emphasize this fact, because we can now
distinguish quite easily between these two extreme cases
of the energy-transfer-electronic-energy-transfer versus
Zeeman energy transfer, by performing the ODMR PLE
measurements introduced here. In the latter case (cross
relaxation) the excitation spectra of relevant ODMR sig-
nals should be diferent since the electronic excitation
energy is not transferred. Otherwise, the cross-
relsxstion processes may a8ect the ODMR spectra, and
it should be emphasized that the observation of the
ODMR signal from one center on the emission of anoth-
er one may not necessarily mean that we deal with an
electronic energy transfer between them, as erroneously
claimed in many previous reports on ODMR data. The
ODMR-PLE, as introduced in this paper, should be per-
formed to verify the transfer hypothesis.

IV. CONCLUSIONS

We have introduced in this paper an experimental
procedure enabling verification of the existence of the
electronic energy transfer, and proof of its eSciency. It
is shown that by extending the standard ODMR tech-
nique by the complementary ODMR-PL and ODMR-
PLE measurements the required unambiguity of the ex-
perimental results can usually be obtained. EspeciaBy
interesting is the possibility of determination of the role
of phonon interactions in the transfer transitions. %e
discuss how to distinguish on the basis of ODMR data
between "purely" electronic, eventually one-site phonon
interaction transfer transitions, and two-site phonon in-

teraction processes. Our recent ODMR results also
prove that the ODMR yields precise information on en-

ergy migration processes between BE's bound at com-
plex isoelectronic defects in GaP. %e show, e.g., that
the deep antisite-related complex defects act as energy
sinks, and that energy transfer is the mechanism respon-
sible for this eS'ect. A fast energy migration from the
N-related BE to P&,-Cu complex could be proved direct-

ly even if the ODMR signal of the N-related complex
could not be detected. This is an important extension of
the power of the ODMR technique.
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