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The radiative lifetimes for the individual close Frenkel pairs on the zinc sublattice of ZnSe described in the
preceeding paper are measured using optical detection of magnetic resonance. A simple theory is developed for
the exchange and radiative lifetimes for deep-donor to deep-acceptor recombination vs pair separation and
compared to the lifetime results obtained here and the values for exchange obtained in the preceding paper for
the Frenkel pairs. The good agreement obtained allows tentative assignments of the individual pairs to specific
lattice sites.@S0163-1829~96!04436-0#

I. INTRODUCTION

In the preceding paper1 ~hereafter referred to as I!,
twenty-five distinct zinc-interstitial–zinc-vacancy Frenkel
pairs of different separations in the ZnSe lattice were ob-
served and studied by electron paramagnetic resonance
~EPR! and optically detected magnetic resonance~ODMR!,
after 1.5–2.5 MeV electron irradiationin situ at cryogenic
temperatures. In that study, several indicators of lattice sepa-
ration for the pairs were obtained, including thermal stabil-
ity, wavelength of luminescence, alignment vs electron beam
irradiation direction, and dipole-dipole and exchange interac-
tions between the separated electron on the interstitial and
the hole on the vacancy in the excited emitting ODMR state.
Specific lattice assignments could be made for two of the
closest pairs observed directly by EPR, but for the many
more distant ones seen by ODMR, only one tentative
‘‘benchmark’’ assignment was attempted. In the absence of a
clear unambiguous model for the various indicators of sepa-
ration, they were simply ordered according to their exchange
interaction, which should logically decrease with separation.

In the present paper, we assume the task of making as-
signments. Our approach is two pronged:~1! We develop an
approximate theory for the exchange expected between two
separated tightly bound~i.e., deep! spin 1/2 particles in a
semiconductor. As established in I, this is the case for the
Frenkel pairs, and to our knowledge, this important problem
has not been addressed previously in the literature. We then
test the theory against the tentative benchmark assignment
made in I, to determine whether the magnitude of the ob-
served exchange interaction is consistent with the assign-
ment.~2! We present experimental measurements of the ra-
diative lifetimes for several of the pairs. We outline also a
theory for the lifetimes vs separation and compare it to the
experimental result for the assigned defect separations. With
these two separate but related indicators of separation, we
then proceed to attempt lattice assignments for all of the
observed pairs.

These Frenkel pairs represent a truly unique system in
which individual close deep-donor-acceptor pairs are re-
solved and, via their magnetic resonances, so much detailed
information is available concerning their structure and inter-
actions. As such they present a singular opportunity to probe
the properties of such defects in semiconductors and to test

our understanding of the magnitude and mechanisms for
their interactions. In particular, the degree to which we are
able to reproduce their exchange and lifetime properties by
the theory that we will present not only tests our previous
benchmark assignment, but conversely provides an important
test of the theory.

The outline of the paper is as follows: In Sec. II, we
present a brief outline of the experimental procedures used in
the lifetime measurements, referring to I for other relevant
details of the EPR and ODMR experiments. In Sec. III A, we
develop a theory for the exchange between separated donors
and acceptors, first for shallow effective mass states, and
then, by extension of the approach, to deep donors and ac-
ceptors. In Sec. III B, we show that the results compare fa-
vorably with experiment for the benchmark assignment in I,
and proceed therefore to tentatively assign the others by
comparison with the theory. In Sec. IV A, we develop a
similar theory for the radiative lifetimes, first for shallow
states and then, again by extension, to deeper states. We
include also the spin selection rules which predicts different
radiative lifetimes for the dominantly triplet vs singlet spin
combinations of the pair. In Sec. IV B, we outline the
method for the lifetime measurements and in Sec. IV C, we
compare to the experimental results. Again the agreement is
very good. In Sec. V, we summarize.

II. EXPERIMENTAL PROCEDURE

The ODMR experiments were performed at 20 GHz in an
EPR cryostat modified forin situ electron irradiation of the
sample at 4.2 K by 2.5 MeV electrons from a Van de Graaff
accelerator, with subsequent 1.5 K ODMR detection without
intermediate warm up, using fiber optics and a quartz light-
pipe for excitation and luminescence collection, respectively.
Details of the spectrometer and the samples studied are given
in I.

Radiative lifetime measurements for the individual pairs
were performed by monitoring the amplitude and phase of
the ODMR signal vs frequency of the on-off modulation of
the microwaves. The excitation for these experiments was
provided by the 476 nm line of an argon laser at a power
level of;5 mW. The theory of the measurements and their
analysis is given in Sec. IV B. In these measurements, it was
necessary to correct for instrumental amplitude and phase
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shifts in the optical detection system~North Coast cooled
germanium detector-amplifier assembly followed by a
lock-in amplifier!. For this purpose, a separate calibration of
the detection system was performed vs frequency from 2 cps
to 200 kcps using an accoustic-optic modulator for on-off
modulation of laser excitation applied directly to the detec-
tor. In the ODMR lifetime measurements, the phase of the
lock-in was adjusted at each frequency to correct for this
calibrated phase response, and the in-phase and quadrature
output signals were corrected by dividing by the amplitude
response.

III. EXCHANGE AND LATTICE ASSIGNMENTS
FOR THE FRENKEL PAIRS

A. Theory of exchange

We take the wave function for the excited emitting state
of a donor-acceptor pair to be the antisymmetrized product
of an electron wave functionCD on the donor, and a hole
wave functionCA on the acceptor:

C~r1 ,r2!5A@CD~r1!CA~r2!#, ~1!

whereA is the antisymmetry operator andr 1 andr 2 are the
coordinates of the two particles. Because of the antisymme-
trization, there will be an exchange interaction which can be
written as

H5Js1•s2 , ~2!

between the spins of the two particles, where the dominant
contribution toJ is given by2

J522E E CD* ~r1!CA* ~r2!
e2

ur12r2u

3CD~r2!CA~r1!d
3r 1d

3r 2 . ~3!

1. Shallow effective mass states

In the case of shallow effective mass states, we may take

CD~r1!'FD~r1!uc~r1!,

CA~r2!'FA~r2!uv~r2!, ~4!

whereFD andFA are slowly varying 1S-like envelope func-
tions centered on sites separated byR, anduc anduv are the
Bloch functions at the conduction and valence band edges,
respectively. In this case, using the fact that the envelope
functions are slowly varying over a unit cell and that the
exchange interaction is significant only when the two par-
ticles occupy the same unit cell,3–5 Eq. ~3! can be reduced to

J'22V0UJ0 , ~5!

where

J05
1

V0
2E

V0

E
V0

uc* ~r1!uv* ~r2!
e2

ur12r2u

3uc~r2!uv~r1!d
3r 1d

3r 2 , ~6!

and

U5E uFD~r !u2uFA~r2R!u2d3r . ~7!

Here, J0 is the exchange between electron and hole when
both are confined to a unit cell,V0 is the volume of a unit
cell, andU is the probability density of finding both particles
at the same position in space. For hydrogenic 1S envelope
functions,4

U5
1

pR~aA1aD!3~a2b!3
$e22bR@~a22b2!aR22ab#

1e22aR@~a22b2!~bR12ab!#%, ~8!

wherea51/aA andb51/aD , with aA andaD , the envelope
function Bohr radii for the acceptor and donor, respectively.
For R50, U becomes 1/p(aA1aD)

3, the value for the free
exciton, and Eq.~5! should extrapolate therefore, asR→0, to
the exchange splitting of the free exciton.

The validity of this approach has recently been tested by
Cox and Davies5 for distant shallow-donor to shallow-
acceptor recombination in CdS. There, through a clever
ODMR study, these workers were able to resolve the ex-
change splittings and estimate their dependence upon sepa-
ration. Their results match well the exponential dependence
predicted by Eq.~8! for aA /aD'0.17, the value believed
appropriate for CdS, and, the extrapolatedR→0 value in
their Fig. 11 givesJ520.7 meV, compared to the free ex-
citon value20.4 meV.~Note that the value quoted by Cox
and Davies is for theexchange splittingof ans51/2 electron
and a j53/2 hole, split by the hexagonal field of the CdS
wurtzite lattice, which isJ/2). Cox and Davies properly wor-
ried about this discrepancy, but for our purposes, we con-
sider this good agreement, clearly justifying the approach.

2. Deep Frenkel pair states

Consider now a similar approach for the Frenkel pairs.
Even though the electronic states of the constituents are deep
and therefore highly localized, an approximation somewhat
similar to that of Eq.~4! may still be justified in the spirit of
the ‘‘point-ion’’ model,6 successfully used for deep color
centers in insulators. The conceptual difference is thatuc and
uv are no longer simple Bloch states at the band edges but
rather more atomiclike periodic functions, which in the band
model represent sums of Bloch states deeper into the respec-
tive bands, and in the point-ion model originate by orthogo-
nalizing theFD andFA envelope functions to the atomic
cores. The approximation that the envelope functions are
slowly varying over a unit cell, which allowed the separation
of the integrals into Eqs.~6! and~7!, is clearly much poorer
in this case, but again it is not unlike the approximations
often successfully employed in the point-ion treatment for
hyperfine interactions with distant neighbors of deep defects.
Finally, we must point out also that the vacancy envelope
wave function may not be simple 1S-like because the core is
a hole primarily in ap functionon a single Se neighbor of
the vacancy.

Keeping these reservations in mind, let us assume that
expressions similar to Eqs.~5! and ~8! will still apply, but
that the value ofJ0 may no longer bear a simple relation to
that for the free exciton. This departure arises in part directly
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from Eq. ~6! because of the more localized character ofuc
anduv . In addition, the inadequacy of the various approxi-
mations discussed above can also contribute. We will pro-
ceed therefore to match our data to Eqs.~5! and ~8! with
J0 an adjustable parameter. In so doing, we assume many of
the errors introduced by the treatment leading to Eqs.~5! and
~8! for such deep defects can be considered to be incorpo-
rated into the empirical value determined forJ0.

B. Comparison to experiment and lattice separation assignment

In the preceding paper~I!, it was concluded that spectrum
labeledX8, with uJu54752 MHz, arose from the Frenkel pair
with the interstitial in a site 14.13 Å in thê100& direction
from the vacancy. This is illustrated in Table I, where we
have included also theeffectiveseparation distance of 15.67
Å , taking into account that the hole at the vacancy tends to
locate on the Se neighbor which is the most distant from the
interstitial.~The sign ofJ was not determined experimentally
in I. In Table I, we have listed the values as negative. This is
what would be expected from the treatment in the previous
section. In addition, in Sec. IV C, to follow we will present
confirming experimental evidence of this assignment. We
will therefore take the opportunity now to make this assign-
ment for convenience in the development to follow.! We
take for the Bohr radiiaD52.05 Å andaA52.40 Å , corre-
sponding to the level positions determined in I ofEC20.9
eV and EV10.66 eV for Zni

1 and VZn
2 respectively, as

given by Eq.~13! in that reference. With these values, Eq.
~8! gives U52.3831027 Å23 at R515.67 Å. With
V0545.1 Å3, this gives, with Eq.~5!, J052.23108 MHz
50.91 eV.

Is this a reasonable value? One obvious measure is to
compare to experimental estimates for that of the free exci-
ton in ZnSe.7 Unfortunately, it has proved difficult to extract
the small free exciton exchange splitting in ZnSe due to po-
lariton effects, and estimates by different groups differ sig-
nificantly. For example, estimates by three independent
groups8–10concluded that the free exciton exchange splitting
is <0.1 meV, corresponding touJu<0.15 meV. @They ar-
gued that an earlier estimate of 2.0 meV~Ref. 11! involved
errors in analysis, and, similarly, that a theoretical
treatment12 that seemed to agree with these earlier values
was also in error due to the use of nonorthogonal plane
waves in the calculation.13# Using this upper limit, with
U51/p(aexc)

3, where8 aexc547.2 Å, Eq. ~5! gives for the
free exciton,J0<0.5 eV. On the other hand, two more recent
experiments conclude thatJ521.2 meV ~Ref. 14! or
J521.32 meV,15 corresponding toJ0'5 eV. In either ex-
treme, however, our value here of 0.9 eV is clearly in the
right range, and we conclude therefore that the simple treat-
ment that we have outlined above is leading to reasonable
values for the Frenkel pair exchange.

In Table I, we have enumerated all of the zinc-vacancy
sites, labeling them by their unit lattice displacements from
an interstitial site surrounded by four Se neighbors at~000!.
Included also for each is the distance between the vacancy
and interstitial site, and that between the selenium neighbor
of the vacancy that contains the hole and the interstitial site.
Using the latter distance as the effective distanceR in the
exchange interaction, we have calculatedJ for each site us-

ing Eqs.~5! and ~8! with aD52.05 Å, aA52.40 Å, andJ0
50.91 eV and included the results in column four of the
table. Finally, in the fifth and sixth columns, we assign the
observed spectra by their experimental values ofJ to the
positions with closest predicted value. We include also the
closerS51 pairs (A2D), for which the exchange is too
large to measure, as well as the closeS51/2 ^111& pairs seen
only by EPR (VII ), or by both EPR and ODMR (VI). For
VI , VII , andB(VIII ), the assignments have already been sug-
gested in I from their alignment properties vs beam orienta-
tion. The remainingA(VIV), C, andD spectra have been
tentatively assigned according to their relative annealing and
peak luminescence properties, as given in I. The results are
presented in graphical form in Fig. 1.

We note the remarkable fact that the simple treatment
outlined above, matchingX8 to the ~050! site, appears to
account quite well for all but three of the closer sites, one of
which, the ~001! site, is probably not stable, anyway. Of
course the specific assignments of these closer pairs, based
here forX1-X8 on the assumption of a monotonic decrease of
uJu vs separation, could be in error. Superexchange effects
and angular dependences associated with non-S-like charac-
ter of the envelope wave functions could be important and
cause irregularities in a simple monotonic radial exchange
dependence. Minor inconsistencies with the other indicators
of distance~fine structure tensorD, annealing temperature,
lmax) given in Tables IV and V in I suggest this possibility.
Another possible irregularity is that ODMR spectraA and
D were analyzed to haveC3v ^111& symmetry but we have
been forced to assign them to sites of lower symmetry, the
one such site available,~111!, already being assigned toVI .
We must conclude that the apparentC3v symmetry in the
ODMR reflects primarily the dangling bond̂111& character
of the isolated vacancy and the slight departures due to the
nearby interstitial are not resolved in these cases. Evidence
for this is the identification ofA in I with the VIV Frenkel
pair seen in EPR, which, in the higher EPR resolution, was
established to haveC1h symmetry, its axial symmetricg
tensor being tilted away from thê111& direction by only
;1°.

Overall, the general agreement must be considered a
strong confirmation that this simple approach serves as a
reasonable guide to the relationship between exchange and
separation and that the lattice site assignments must therefore
be approximately correct. The assignments beyondX8 are
considerably less complete, but that is perhaps not unreason-
able. Most of the ODMR signals for these more distant pairs
would fall in the poorly resolved central spectral region. The
specific spectraX9-X20 that were analyzed represented the
dominant ones in a sea of weaker less clearly resolved ones,
as is evident in Fig. 9 of I, and in some cases could easily
represent the unresolved superposition of several separations
of comparable exchange.

IV. RADIATIVE LIFETIMES

A. Theory

Like exchange, the radiative lifetime of an individual pair
also depends upon the overlap between the electron wave
function on the interstitial and the hole wave function on the
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TABLE I. Tentative assignment of the observed Frenkel pairs to specific lattice sites, and the measured radiative lifetimes for their singlet
and triplet excited states. The available lattice site arrangements are enumerated by giving the lattice position ofVZn as measured from
Zn i in a site surrounded by four seleniums located at~000!. (a55.66 Å is the ZnSe cubic unit cell dimension.! The assignments have been
made by matching the experimental values ofJ with those calculated by Eqs.~6! and~8!, with J050.91 eV and with separationR between
Zn i and the Se neighbor ofVZn containing the hole~SeV), as given in the third column.

VZn site R(VZn-Zn i) R~SeV-Zn i) J~calc.! J ~exp.! Frenkel t r
21~singlet! t r

21~triplet!

Sa2,a2,a2D ~Å! ~Å! ~MHz! ~MHz! pair ~kcps! ~kcps!

~001! 2.83 4.68 -12154317

~111̄) 4.89 6.16 -4865034 VII

~111! 4.89 7.34 -2229415 VI

~210! 6.32 8.36 -1105575
~221! 8.48 10.09 -322130 A(VIV) 5.0
~300! 8.48 10.85 -184800 B(VIII ) 22.0

~311̄) 9.37 10.85 -184800 C 10.7

~311! 9.37 11.56 -109261 D 3.3
~320! 10.19 12.23 -66206 -57050 X1

~322̄) 11.65 12.87 -40855 -32048 X2

~410! 11.65 13.47 -25896 -18827 X3

~322! 11.65 14.04 -16620 -15382 X4 116

~331̄) 12.31 14.05 -16620 -14624 X5

~331! 12.31 14.61 -10804 -13823 X6

~421̄) 12.95 14.61 -10804 -11833 X7 12.1

~421! 12.95 15.15 -7117
~050! 14.13 15.67 -4752 -4752 X8 86.3 9.9

~333̄) 14.68 15.67 -4752

~403! 14.13 16.17 -3217

~511̄) 14.68 16.17 -3217

~151! 14.68 16.65 -2209 -1964 X9

~432̄) 15.21 16.65 -2209 -1820 X10 23.5 7.7

~333! 14.68 17.13 -1517 -1619 X11 24.5 11.4
~250! 15.21 17.13 -1517 -1427 X12 22.8
~423! 15.21 17.59 -1055 -1319 X13 20.9 4.8

~522̄) 16.23 17.59 -1055 -908 X14 10.6

~414! 16.23 18.03 -746 -719 X15 11.3 6.9
~252! 16.23 18.47 -525

~531̄) 16.71 18.47 -525 -606 X16 8.7 5.9

~351! 16.71 18.90 -375
~610! 17.18 18.90 -375 -420 X17 5.4 3.9

~443̄) 18.09 19.32 -267 -252 X18 4.3 4.0

~621! 18.09 19.72 -195

~533̄) 18.52 19.72 -195

~261! 18.09 20.13 -141
~405! 18.09 20.13 -141
~344! 18.09 20.52 -102 -90 X19 3.0 4.4

~42̄5! 18.95 -20.52 -102

~353! 18.52 20.90 -75
~360! 18.95 20.90 -75
~542! 18.95 21.28 -57
~700! 19.78 21.28 -57
~2̄36! 19.78 21.28 -57

~711̄) 20.17 21.65 -42 -36 X20

~362! 19.78 22.02 -30
distant 0 ;0 distant 0.13
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vacancy to which the electron makes the transition. It thus
also serves as an independent indicator of separation. The
lifetime will also depend on the component of total spinS in
the excited state of the combineds51/2 electron and hole
particles, since the transition is to a groundS50 state.

Following Dexter,16 the spontaneous radiative recombina-
tion rate between excited (Ce) and ground (Cg) states of a
defect in a medium can be written

W5F S EeffE0 D 2nG4av3

3c2
z^Cgur uCe& z2, ~9!

wherea is the fine structure constant,\v, the energy differ-
ence between ground and excited states,c, the velocity of
light, and r , the electron position operator. The term in
square brackets is due to the presence of the dielectric me-
dium, whereEeff is the effective field seen by the defect,E0 is
the average field in the medium, andn is the index of refrac-
tion.

In the case of donor-acceptor recombination, the spatial
parts of the excited and ground states can be replaced by
CD andCA , the occupied interstitial donor and empty va-
cancy acceptor states, respectively, leading to

W5F S EeffE0 D 2nG4av3

3c2
z^CAur uCD&u2u^xeuxg& z2, ~10!

whereuxe& anduxg& are the spin functions of the excited and
ground states, respectively.

1. Shallow effective mass states

For shallow donor and acceptor states, we may approxi-
mate the matrix element ofr above in the identical way in
which we treated the exchange integral in the preceeding
section. We employ the approximation of Eq.~4! with
r 15r 25r , plus the approximation that the envelope wave
functions are slowly varying over a unit cell, allowing sepa-
ration of the integral over a unit cell from that over the
greater extent of the envelope functions, and utilize the or-
thogonality ofuv anduc . This leads directly to

W'F S EeffE0 D 2nG4av3

3c2
r 0
2IDA

2 z^xeuxg& z2, ~11!

where

r 0
25U 1

V0
E

V0

uc~r !ruv~r !d
3rU2, ~12!

and

IDA5E FD~r !FA~r2R!d3r . ~13!

For 1S envelope functions,IDA is given by17

IDA5
8~ab!3/2

~a22b2!3R
$@4ab1~a22b2!bR#exp~2aR!

2@4ab2~a22b2!aRexp~2bR!#%, ~14!

wherea, b, andR have been defined earlier in Eq.~8!.
The dipole matrix element in Eq.~12! may also be ex-

pressed in terms of the momentum operatorp,18

E
V0

uc~r !ruv~r !d
3r5

2 i

mvvc
E

V0

uc~r !puv~r !d
3r , ~15!

leading, for shallow effective mass donor and acceptor states,
whereuc and uv properly represent the states at the band
edges, to

r 0
25

\2Ep

2mEg
2 , ~16!

whereEp is the energy equivalent interband matrix element
commonly encountered ink–p band structure theory, and
defined by19

Ep5
2

mU 1

V0
E

V0

uc~r !puv~r !d
3rU2. ~17!

For shallow donor-acceptor recombination, we expect
therefore

W'F S EeffE0 D 2nG2a\2v3Ep

3mc2Eg
2 IDA

2 z^xeuxg& z2. ~18!

The work of Cox and Davies5 in CdS serves also as a
check on this treatment in that they also estimated the radia-
tive rates of the shallow-donor-acceptor pairs in a separation
rangeR that overlapped their exchange measurements, giv-
ing W523108 exp(22R/aD) sec21. For their studies,
R.aD.aA , and Eq.~14! reduces to

FIG. 1. Assignment of the separationR for the observed Zni-
VZn Frenkel pairs according to their experimental values of ex-
changeJ. The curve was calculated withJ050.91 eV, determined
by matching the value forX8, the black point in the figure.
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IDA
2 →

64~aA /aD!3

@12~aA /aD!2#4
exp~22R/aD!, ~19!

in agreement with the observed dependence on separation.
With \v52.25 eV for the luminescence,5 aA /aD50.17,
Eg52.82 eV,Ep524.2 eV,19 Eeff'E0, as expected for ex-
tended defects,n52.5, andz^xeuxg& z2;0.5 ~as we will dem-
onstrate below!, Eq. ~18! gives, with Eq. ~19!, 2.23108

sec21 for the preexponential factor, in remarkable agreement.
For use later, we note that Eq.~16! gives with these values,
r 0
2511.8 Å2.

2. Deep Frenkel pair states

Again, as for the exchange, we will assume that a similar
expression to Eq.~11! applies approximately for the deeper
Frenkel pair radiative rates but withr 0

2 no longer necessarily
simply related to the band parameters as in Eq.~16!. In Sec.
IV C, we will describe experimental measurements for the
Frenkel pair lifetimes and, assuming the lattice separation
assignments of the preceeding section, derive an empirical
value for r 0

2 using Eq.~11!. A test of the general validity of
the approach will again be provided by comparison of the
empirical value forr 0

2 with that of Eq.~16!.

3. Spin selection rules

For a single Frenkel pair, there are four excited states
arising from theme561/2 andmh561/2 spin states of the
electron on the interstitial donor and hole on the vacancy,
respectively. This is illustrated in Fig. 2~a! without exchange,
and in Fig. 2~b! with exchangeJ. The spin parts of the four
excited states of an exchange coupled donor-acceptor pair
can be written in terms of theumh ,me& product states of the
individual s51/2 spins as

uxe1&5u1/2,1/2&, ~20!

uxe2&5
u1/2,21/2&1Qu21/2,1/2&

A11Q2
, ~21!

uxe3&5
2Qu1/2,21/2&1u21/2,1/2&

A11Q2
, ~22!

uxe4&5u21/2,21/2&, ~23!

where

Q5
~gh2ge!mBB

J H F11
J2

~gh2ge!
2mB

2B2G1/221J .
~24!

Here,ge andgh are theg values for the donor electron and
acceptor hole, respectively,mB , the Bohr magneton,B, the
applied magnetic field, andJ, the exchange interaction. The
groundS50 state is

uxg&5
u1/2,21/2&2u21/2,1/2&

A2
. ~25!

uxe1& and uxe4& are theMS561 states of the pure triplet
S51 manifold with

z^xguxe1& z25u^xguxe4&u250, ~26!

and the optical recombination transitions from these states is
therefore ‘‘forbidden.’’ The other two states are mixtures of
theS50 andS51 states, and

z^xguxe2& z25
~12Q!2

2~11Q2!
, ~27!

z^xguxe3& z25
~11Q!2

2~11Q2!
. ~28!

For the distant pairs, whereuJu!ugh2geumBB, Q'0, giving
z^xguxe1& z2' z^xguxe3& z2'1/2, independent of separation.
~This has been used above for the analysis of the distant
shallow-donor-acceptor pair results of Cox and Davies.! For
the closer pairs, with large negative value forJ, the sign
chosen in Fig. 2, and withgh.ge , the case for the Frenkel
pairs,Q→21, z^xguxe2& z2→1, and z^xguxe3& z2→0. There-
fore, the lifetime of state 3 increases, as it becomes more
triplet in character, and that of state 2 decreases as it be-
comes more singlet. The crossover in this behavior occurs
whenuJu.ugh2geumBB . ~For a positiveJ, Q→11, and the
roles of the two states reverse with state 2 becoming more
triplet in character, etc.!

B. Theory of the ODMR lifetime measurements

Each of the four microwave inducedDMS561 transi-
tions, shown in Fig. 2~b!, is between a pure triplet state,
uxe1& or uxe4&, with a long spin-forbidden radiative lifetime,
and a mixedS50 andS51 state,uxe3& or uxe3&, with a
shorter spin-allowed radiative lifetime. As a result, the lumi-
nescence increases at resonance for each transition as the
defects in the longer lifetime ‘‘bottleneck’’ state are trans-
fered to the shorter lifetime radiative state, giving rise to the
ODMR signal. In Fig. 3, we simplify the problem therefore

FIG. 2. Zeeman energy diagram for the excited states of a Fren-
kel pair,~a! without, and~b! with exchange. Shown are the radiative
transitions to the ground state~dark arrows! and the ODMR transi-
tions ~light arrows!. Shown also schematically are the resulting
ODMR spectra, the individualVZn

2 and Zni
1 lines for J50 each

splitting into two lines, the stronger inner ones becoming the al-
lowed transitions within the totalS51 manifold, the outer weaker
ones the forbidden ones between theS50 andS51 manifolds.
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to that of two excited states — one,u l &, with a long radiative
lifetime, t l , the other,us&, with a short relaxation time,ts .
As shown, photoexcitation populates each equally at rate
U, and microwave induced transitions between the two are
induced at ratem.

The rate equations for the populationsNs andNl can be
written

dNs

dt
5m~Nl2Ns!1

~Nl2Ns!2~Nl2Ns!0
T1

2
Ns

ts
1U~N02Ns2Nl !,

dNl

dt
52m~Nl2Ns!2

~Nl2Ns!2~Nl2Ns!0
T1

2
Nl

t l
1U~N02Ns2Nl !, ~29!

wherem is the microwave induced transition rate between
the two states,T1 is the spin-lattice relaxation time by which
the population difference returns to the thermal equilibrium
value (Nl2Ns)0 at a constant population level (Nl1Ns),
U is the rate at which the excited states are being generated
via laser excitation from the ground state, andN0 is the total
number of the defects.

The luminescence intensity depends upon the populations
of the excited states and their radiation rates, giving,

I ~ t !5
Ns

ts
1
Nl

t l
. ~30!

In the ODMR experiment, the microwaves are turned on
(m5 constant! at t50 and off (m50) at t5p/vm and re-
peated in square wave fashion at the modulation frequency
vm52p f m . The resultingI (t) is sent to a lock-in amplifier,
the output of which gives therefore for the ODMR signal,

ODMR5
vm

2pE0
2p/vmFNs

ts
1
Nl

t l
Gsin~vmt1f!dt. ~31!

In our case, the microwave magnetic field in the cavity is
estimated to be of the order of several Gauss, giving

m;107 sec21, much greater than any of the other rates in Eq.
~20!. To calculate the ODMR signal intensity, we therefore
solve Eqs. ~29! for t50 to p/vm with m5`, and for
t5p/vm to 2p/vm with m50, match the solutions at the
boundaries, and evaluate Eq.~31! for the in-phase (f50)
and out-of-phase (f590°) components. As an additional
simplification, we setT15`, justified because its value for
isolatedVZn

2 has been measured to be1 ;0.35 sec atT51.5
K, the ODMR measurement temperature, and the value for
Zn i

1, being in anS state, should be even longer, both much
longer than the radiative times that we will measure. We
consider therefore two cases:~a! U@1/ts.1/t l , correspond-
ing to saturation of the excited states and the luminescence,
and ~b! U!1/t l,1/ts , the low excitation, linear case. The
results are straight forward and are plotted in Figs. 4~a! and
4~b! for ts /t l50.1. The dependence on thets /t l ratio is
illustrated in Fig. 5 for the unsaturated case, which will turn
out to be the case of interest in our measurements. From it,
we see that the peak in the in-phase component, or the zero
in the out-of-phase component occurs when

2vmax'S 1ts1
1

t l
D[

1

t r
, ~32!

FIG. 3. Equivalent two excited state system treated in the text—
one, u l &, with a long radiative lifetime,t l , the other,us&, with a
short radiative lifetime,ts . The relevant transitions are indicated.

FIG. 4. Modulation frequency dependence of the in-phase~0°)
and quadrature~90°) ODMR signals predicted for~a! saturated lu-
minescence, U@t r

21 ; and ~b! unsaturated, U!t r
21 with

ts /t l50.1.

FIG. 5. Dependence of the~a! in-phase~0°), and ~b! out-of-
phase~90°) ODMR response onts /t l , for the unsaturated case,
U!t r

21 .

54 7795EXCHANGE AND RADIATIVE LIFETIMES FOR CLOSE . . .



serving as a direct measure of what we define as an ‘‘effec-
tive’’ radiative recombination rate 1/t r .

C. Experimental results

As illustrated in Fig. 9 of I, the ODMR spectra associated
with the more distant pairs behave differently vs modulation
frequency, reflecting their different radiative lifetimes, and
allowing their separation and analysis in I from an otherwise
unresolved superposition of the many pairs which have tran-
sitions in the central region of the ODMR spectrum. Some of
the spectral lines of the closer pairs also contribute in this
region. To extract the radiative lifetimes of each, the in-
phase ODMR spectra were recorded at a sequence of modu-
lation frequencies and at each frequency, the intensities of
the lines for each identified defect were allowed to vary for
best least square fit to the overall spectrum. An example of
the fit is shown in Fig. 6, for the high field side of the in-
phase ODMR central spectrum at a modulation frequency of
1 kcps.@Each Frenkel pair has four resonances, two on either
side of that for the isolated vacancy, and two on either side
of that for the isolated interstitial. The intensity of each line
present in the spectrum~only the inner lines were observed
for the some of the closer pairs! was allowed to vary inde-
pendently.# The ODMR intensities were then plotted vs
modulation frequency for each transition, and the lifetime
t r estimated.

An alternative method was also used for some of the spec-
tra which were well resolved from the central region, or for
the strongS51 close pairs in the central region. For them,
the magnetic field was held fixed at the resonance position,
and the intensity of the resonance was monitored directly vs
modulation frequency. To discriminate against background
contributions, a similar study with the magnetic field detuned

slightly off resonance was performed and subtracted in each
case. Again,t r was estimated for each transition from its
in-phase and quadrature intensity vs modulation frequency.

In Fig. 7, a few representative examples of the observed
modulation frequency dependences are shown, ranging from
weak ~c! to strong~a! ODMR signals. For these, and all of
the others, the in-phase signals were observed to be small at
low modulation frequencies, to go through a maximum, and
to decrease again at high frequencies. This is characteristic of
the unsaturated case, and we therefore estimatet r for each
ODMR signal from the peak of its in-phase signal, using Eq.
~32!. We find that, within the accuracy of the measurements,
the two inner ODMR transitions, which correspond to tran-
sitions from theuxe3& state, display the same lifetime, as do
the outer transitions, from theuxe2& state, with the latter
having the shorter lifetime. This is as expected from Eqs.
~27! and ~28!, the uxe3& state approaching dominant triplet
composition, anduxe2&, singlet, asuJu increases. We note
also that all four ODMR transitions are positive for each
defect ~produce increase in luminescence!, and of approxi-
mately equal intensity. This confirms our assumption in the
previous section, leading to Eq.~32!, that T1 is long with
respect to the radiative lifetimes. IfT1 were comparable, the
intensities of the two inner transitions would differ signifi-
cantly, as would the two outer ones, and ifT1 were shorter,
the pair in each case would have opposite signs. In fact, in
Fig. 8 of I, the higher field transitions do appear slightly
weaker than the corresponding low field transitions of the
resolved outer set, which is evidence for weak but not com-
pletely negligible relaxation and anegativesign for J. ~This

FIG. 6. Least squares fit~heavy line! to the in-phase ODMR
central region spectrum~light line! at 1 kHz modulation frequency.
Shown is the high field half of the spectrum which is centered
around the position for the isolated Zni

1 resonance, the signals to
lower field becoming ‘‘allowed’’ transitions within the triplet mani-
fold, the signals to higher field becoming the ‘‘forbidden’’ ones
between the singlet and triplet manifold. Some of the dominant
pairs are indicated.

FIG. 7. Modulation frequency responses~in-phase, solid lines;
out-of-phase, dotted lines! of some of the Frenkel pairs.~a!, ~b!, and
~c! were determined by separately monitoring each resolved ODMR
signal.~d! was determined by the least squares method illustrated in
Fig. 6.
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can be deduced directly from Fig. 10 of I, which predicts the
high field components to give negative signals if thermal
equilibrium populations exist, because they cause transitions
out of a thermally favored radiative state into the bottleneck
triplet states. Reversing the sign ofJ reverses the argument.!
This serves to confirm our assignment in Table I of negative
values forJ.

We include in Table I, the estimated recombination rates
(t r

21) for each Frenkel pair for which it was possible to
perform reliable measurements. The rate, labeled singlet, is
the average of the measurements for the two outer transitions
~arising from theuxe2& predominately singlet state in Fig. 2!,
and that, labeled triplet, is the average of the two inner tran-
sitions~arising from theuxe3& predominately triplet state!. In
Fig. 8, the results are presented in a log-log plot vsuJu for
each pair, illustrating a roughly linear relationship for the
singlet rates, but a saturation onset for the triplet rates at
uJu;0.5 cm21. ~The values for theA, B, C, andD, S51
spectra have been plotted at the positions of their calculated
exchange values in Table I, and the ‘‘distant’’ pair value has
been plotted atJ'10 MHz, consistent with the width of the
corresponding ‘‘isolated’’VZn

2 and Zni
1 lines.!

As a test of the theory developed above, we consider the
results forX8, with J524752 MHz, which has been as-
signed to the~050! site atR515.67 Å. With aD52.05 Å,
aA52.40 Å, and R515.67 Å, Eq. ~14! gives
IDA
2 54.531024. Using this, with \v51.24 eV,
Eeff /Eo'1, n52.5, and z^xguxe2& z2'1 in Eq. ~11!, and
equating to the experimentally observed singlet rate in Table
I, we obtain an empirical value forr 0

2 of 10.5 Å2, in remark-
able agreement with the effective mass value of 11.8 Å2,

determined from Eq.~16! in Sec. IV A. Again the close
agreement is an unexpected result, and undoubtably some-
what fortuitous, but it clearly again must be considered
strong justification of the general treatment that we have pre-
sented and, in particular, for the lattice assignments that we
have made.

With this empirical value forr 0
2, and the empirical value

for J050.91 eV determined in Sec. III B, we may now cal-
culate the ratio of the emission rates to exchange vs the sepa-
rationR, for the Frenkel pairs using Eqs.~5!, ~8!, ~11!, ~14!,
~24!, ~27!, and~28!. The results are plotted in Fig. 8, and the
general agreement is clearly good. We note that the experi-
mental results for transitions from the triplet states break
away from those from the singlet states precisely as pre-
dicted, the ratio of their recombination rates to that of the
singlets decreasing steadily beyond the point where
uJu;u(gh2ge)umBB. ~They do not actually decrease signifi-
cantly, however, as the exchange increases, as predicted in
our simple model. This suggests that other weaker selection
rule violation mechanisms, not considered in our treatment,
may be becoming important for these closer triplet pairs.!

V. SUMMARY

We have presented simple theories for the exchange and
radiative lifetimes of separated shallow-donor–shallow-
acceptor pairs, and have outlined an extension of the ap-
proach to treat deep-donor–deep-acceptor pairs, as is the
case for the zinc-vacancy–zinc-interstitial Frenkel pairs in
ZnSe. The results for exchange have been found to agree
satisfactorily with a tentative assignment for one of the Fren-
kel pairs in I, serving to confirm it and to allow therefore
assignments for the other pairs. We have measured the radia-
tive lifetimes of many of the individual pairs and find here
too remarkable agreement with the theory. We conclude,
therefore, that we are observing most of the closest pairs, and
that the simple theory provides a reasonable description of
the exchange and radiative lifetime vs separation.

Our results clearly demonstrate that the primary mecha-
nism for the spin dependence of the recombination is that
resulting from the ‘‘bottleneck’’ of the triplet components of
the combined distant Frenkel pair partners. This model has
often been cited in the past for distant donor-acceptor recom-
bination, but we believe the present work represents the first
unambiguous demonstration that it is correct, and that it ap-
plies even for the most distant pairs for which the exchange
coupling is extremely weak. It has been possible here be-
cause in this truly unique system, the individual pairs are
well resolved and the lifetimes of the triplet and singlet com-
ponents could be separately measured.
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FIG. 8. Radiative lifetime,t r
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(n) and singlet~O! Frenkel pair excited states. The solid curve is
calculated, see text.
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