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Exchange and radiative lifetimes for close Frenkel pairs on the zinc sublattice of ZnSe
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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][S0163-182606)04436-(

[. INTRODUCTION our understanding of the magnitude and mechanisms for
their interactions. In particular, the degree to which we are
In the preceding papér(hereafter referred to as),| able to reproduce their exchange and lifetime properties by
twenty-five distinct zinc-interstitial—zinc-vacancy Frenkel the theory that we will present not only tests our previous
pairs of different separations in the ZnSe lattice were obbenchmark assignment, but conversely provides an important
served and studied by electron paramagnetic resonand@st of the theory.
(EPR and optically detected magnetic resonaf@®MR), The outline of the paper is as follows: In Sec. Il, we
after 1.5—2.5 MeV electron irradiatioim situ at cryogenic ~ Presenta brief outline of the experimental procedures used in
temperatures. In that study, several indicators of lattice sepdbe lifetime measurements, referring to | for other relevant
ration for the pairs were obtained, including thermal stabil-details of the EPR and ODMR experiments. In Sec. Ill A, we
ity, wavelength of luminescence, alignment vs electron bearflevelop a theory for the exchange between separated donors
irradiation direction, and dipole-dipole and exchange interacand acceptors, first for shallow effective mass states, and
tions between the separated electron on the interstitial anéfen, by extension of the approach, to deep donors and ac-
the hole on the vacancy in the excited emitting ODMR state¢eptors. In Sec. lll B, we show that the results compare fa-
Specific lattice assignments could be made for two of the/orably with experiment for the benchmark assignment in |,
closest pairs observed directly by EPR, but for the many@nd proceed therefore to tentatively assign the others by
more distant ones seen by ODMR, only one tentativecOmparison with the theory. In Sec. IV A, we develop a
“benchmark” assignment was attempted. In the absence of gimilar theory for the radiative lifetimes, first for shallow
clear unambiguous model for the various indicators of sepastates and then, again by extension, to deeper states. We
ration, they were simply ordered according to their exchang@wclude also the spin selection rules which predicts different
interaction, which should logically decrease with separationfadiative lifetimes for the dominantly triplet vs singlet spin
In the present paper, we assume the task of making a§.0mbinati0ns of the pair. In Sec. IVB, we outline the
Signmentsl Our approach is two pronge]j:We deve]op an method for the lifetime measurements and in Sec. IV C, we
approximate theory for the exchange expected between twePmpare to the experimental results. Again the agreement is
separated tightly bound.e., deep spin 1/2 particles in a Very good. In Sec. V, we summarize.
semiconductor. As established in I, this is the case for the
Frenkel pairs, and to our knov.vledge., this important problem Il. EXPERIMENTAL PROCEDURE
has not been addressed previously in the literature. We then
test the theory against the tentative benchmark assignment The ODMR experiments were performed at 20 GHz in an
made in |, to determine whether the magnitude of the obEPR cryostat modified foin situ electron irradiation of the
served exchange interaction is consistent with the assigrsample at 4.2 K by 2.5 MeV electrons from a Van de Graaff
ment. (2) We present experimental measurements of the raaccelerator, with subsequent 1.5 K ODMR detection without
diative lifetimes for several of the pairs. We outline also aintermediate warm up, using fiber optics and a quartz light-
theory for the lifetimes vs separation and compare it to thepipe for excitation and luminescence collection, respectively.
experimental result for the assigned defect separations. WitPetails of the spectrometer and the samples studied are given
these two separate but related indicators of separation, wa I.
then proceed to attempt lattice assignments for all of the Radiative lifetime measurements for the individual pairs
observed pairs. were performed by monitoring the amplitude and phase of
These Frenkel pairs represent a truly unique system ithe ODMR signal vs frequency of the on-off modulation of
which individual close deep-donor-acceptor pairs are rethe microwaves. The excitation for these experiments was
solved and, via their magnetic resonances, so much detailgetovided by the 476 nm line of an argon laser at a power
information is available concerning their structure and interdevel of ~5 mW. The theory of the measurements and their
actions. As such they present a singular opportunity to probanalysis is given in Sec. IV B. In these measurements, it was
the properties of such defects in semiconductors and to tesiecessary to correct for instrumental amplitude and phase
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shifts in the optical detection systeforth Coast cooled

germanium detector-amplifier assembly followed by a UZJ |Dp(r)|?|®a(r—R)[d. (7
lock-in amplifien. For this purpose, a separate calibration of

the detection system was performed vs frequency from 2 cpeere, J, is the exchange between electron and hole when
to 200 kcps using an accoustic-optic modulator for on-offboth are confined to a unit cell), is the volume of a unit
modulation of laser excitation applied directly to the detec-cell, andU is the probability density of finding both particles
tor. In the ODMR lifetime measurements, the phase of theat the same position in space. For hydrogerficehvelope
lock-in was adjusted at each frequency to correct for thiunctions?

calibrated phase response, and the in-phase and quadrature

output signals were corrected by dividing by the amplitude 1 B
response. U= wR(aA+aD)3(a—B)3{e PR((a®~ B?)aR—2ap]
IIl. EXCHANGE AND LATTICE ASSIGNMENTS +e 2" [ (a®~ A (BR+2ap) 1}, (8)

FOR THE FRENKEL PAIRS .
wherea=1/a, andB=1/ap, with a, andap, the envelope

A. Theory of exchange function Bohr radii for the acceptor and donor, respectively.

— 3
We take the wave function for the excited emitting state™0r R=0, Lé Eecgmﬁs J;S(aA+aD)I ' thﬁ valfue foar thg free
of a donor-acceptor pair to be the antisymmetrized producgc/ton an qt5) should extrapolate therefore, Bs-0, to

of an electron wave functio®, on the donor, and a hole t eTixchalr_g_? spfh;t:]l_ng of the frheﬁ excnon.tl b tested b
wave function¥ , on the acceptor: e validity of this approach has recently been tested by

Cox and Davies for distant shallow-donor to shallow-
V(ry,r)=A[Vp(r)Wa(ra)], (1) acceptor recombination in CdS. There, through a clever
ODMR study, these workers were able to resolve the ex-
where A is the antisymmetry operator amd andr , are the  change splittings and estimate their dependence upon sepa-
coordinates of the two particles. Because of the antisymmeration. Their results match well the exponential dependence
trization, there will be an exchange interaction which can bepredicted by Eq.(8) for as/ap~0.17, the value believed
written as appropriate for CdS, and, the extrapolated-0 value in
their Fig. 11 givesl=—0.7 meV, compared to the free ex-
H=Js;-57, (2)  citon value—0.4 meV.(Note that the value quoted by Cox
between the spins of the two particles, where the dominanelmd Dgwes is for thexphange splittingf ans= 1/2 electron
o i and aj=3/2 hole, split by the hexagonal field of the CdS
contribution toJ is given by . , P :
wurtzite lattice, which is)/2). Cox and Davies properly wor-

e? ried about this discrepancy, but for our purposes, we con-
J= —ZJ f \If’[;(rl)llf;(rz)m sider this good agreement, clearly justifying the approach.
1~ 12
X W (rp)Wa(ry)d3rd3r,. ©) 2. Deep Frenkel pair states
Consider now a similar approach for the Frenkel pairs.
1. Shallow effective mass states Even though the electronic states of the constituents are deep

In the case of shallow effective mass states, we may tak@nd therefore highly localized, an approximation somewhat
similar to that of Eq(4) may still be justified in the spirit of

Wo(r)~Dp(ruc(ry), the “point-ion” model? successfully used for deep color
centers in insulators. The conceptual difference isthand
WA(r) =P a(ry)u,(ry), (4) U, are no longer simple Bloch states at the band edges but

rather more atomiclike periodic functions, which in the band
whered and® , are slowly varying B-like envelope func-  model represent sums of Bloch states deeper into the respec-
tions centered on sites separatedRyyandu, andu, are the  tive bands, and in the point-ion model originate by orthogo-
Bloch functions at the conduction and valence band edgeslizing the® and ®, envelope functions to the atomic
respectively. In this case, using the fact that the envelopeores. The approximation that the envelope functions are
functions are slowly varying over a unit cell and that the slowly varying over a unit cell, which allowed the separation
exchange interaction is significant only when the two par-of the integrals into Eqg6) and(7), is clearly much poorer
ticles occupy the same unit céll? Eq. (3) can be reduced to in this case, but again it is not unlike the approximations
often successfully employed in the point-ion treatment for
J~—20,UJo, () hyperfine interactions with distant neighbors of deep defects.
where Finally, we must point out also that the vacancy envelope
wave function may not be simplesdike because the core is
1 e? a hole primarily in ap functionon a single Se neighbor of
JO=—2] f us(rous (r))——r the vacancy.
Q20J0ae)0q [r1=ra Keeping these reservations in mind, let us assume that
X Ug(F) Uy (rp)d3rddr,, (6) expressions similar to Eq$5) and (8) will s'tiII apply, t_)ut
that the value ofl, may no longer bear a simple relation to
and that for the free exciton. This departure arises in part directly
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from Eq. (6) because of the more localized characteugf ing Egs.(5) and(8) with ap=2.05 A, a,=2.40 A, andJ,
andu, . In addition, the inadequacy of the various approxi-=0.91 eV and included the results in column four of the
mations discussed above can also contribute. We will protable. Finally, in the fifth and sixth columns, we assign the
ceed therefore to match our data to E¢S. and (8) with observed spectra by their experimental values)db the
Jo an adjustable parameter. In so doing, we assume many @sitions with closest predicted value. We include also the
the errors introduced by the treatment leading to Efjsand  closer S=1 pairs (A—D), for which the exchange is too
(8) for such deep defects can be considered to be incorpdarge to measure, as well as the cl@e1/2(111) pairs seen
rated into the empirical value determined fhy. only by EPR ¥"), or by both EPR and ODMR\{'). For
VI, V! andB(V'"), the assignments have already been sug-
gested in | from their alignment properties vs beam orienta-
tion. The remainingA(V'V), C, and D spectra have been

In the preceding papél), it was concluded that spectrum tentatively assigned according to their relative annealing and
labeledXg, with |J| = 4752 MHz, arose from the Frenkel pair peak luminescence properties, as given in I. The results are
with the interstitial in a site 14.13 A in th€l00) direction  presented in graphical form in Fig. 1.
from the vacancy. This is illustrated in Table |, where we We note the remarkable fact that the simple treatment
have included also theffectiveseparation distance of 15.67 outlined above, matchinig to the (050 site, appears to
A, taking into account that the hole at the vacancy tends t@ccount quite well for all but three of the closer sites, one of
locate on the Se neighbor which is the most distant from thevhich, the (001) site, is probably not stable, anyway. Of
interstitial. (The sign of] was not determined experimentally course the specific assignments of these closer pairs, based
in 1. In Table I, we have listed the values as negative. This idere forX;-Xg on the assumption of a monotonic decrease of
what would be expected from the treatment in the previous$J| vs separation, could be in error. Superexchange effects
section. In addition, in Sec. IV C, to follow we will present and angular dependences associated with$bke charac-
confirming experimental evidence of this assignment. Weer of the envelope wave functions could be important and
will therefore take the opportunity now to make this assign-cause irregularities in a simple monotonic radial exchange
ment for convenience in the development to follpWe  dependence. Minor inconsistencies with the other indicators
take for the Bohr radiap=2.05 A anda,=2.40 A , corre-  of distance(fine structure tensob, annealing temperature,
sponding to the level positions determined in IEB{—0.9 A5 given in Tables IV and V in | suggest this possibility.
eV and Ey+0.66 eV for Zn™ and V,, respectively, as Another possible irregularity is that ODMR spect#aand
given by Eq.(13) in that reference. With these values, Eq. D were analyzed to hav€s, (111) symmetry but we have
(8) gives U=2.38x10 7 A~3% at R=15.67 A. With been forced to assign them to sites of lower symmetry, the
0y=45.1 A%, this gives, with Eq(5), Jo,=2.2x10° MHz  one such site availabl€l11), already being assigned .
=0.91 eV. We must conclude that the apparedy, symmetry in the

Is this a reasonable value? One obvious measure is tODMR reflects primarily the dangling bond 11) character
compare to experimental estimates for that of the free excief the isolated vacancy and the slight departures due to the
ton in ZnSe’ Unfortunately, it has proved difficult to extract nearby interstitial are not resolved in these cases. Evidence
the small free exciton exchange splitting in ZnSe due to pofor this is the identification oA in | with the V'V Frenkel
lariton effects, and estimates by different groups differ sig-pair seen in EPR, which, in the higher EPR resolution, was
nificantly. For example, estimates by three independengstablished to hav€,,, symmetry, its axial symmetrig
group$~°concluded that the free exciton exchange splittingtensor being tilted away from thel11) direction by only
is <0.1 meV, corresponding t0)|<0.15 meV.[They ar- ~1°.
gued that an earlier estimate of 2.0 mé&®ef. 1)) involved Overall, the general agreement must be considered a
errors in analysis, and, similarly, that a theoreticalstrong confirmation that this simple approach serves as a
treatment? that seemed to agree with these earlier valueseasonable guide to the relationship between exchange and
was also in error due to the use of nonorthogonal planaeparation and that the lattice site assignments must therefore
waves in the calculatiot?] Using this upper limit, with be approximately correct. The assignments beygdare
U=1/m(aeyxd®, Wherd a.=47.2 A, Eq.(5) gives for the considerably less complete, but that is perhaps not unreason-
free excitonJy=<0.5 eV. On the other hand, two more recentable. Most of the ODMR signals for these more distant pairs
experiments conclude thal=-1.2 meV (Ref. 19 or  would fall in the poorly resolved central spectral region. The
J=—1.32 meV*® corresponding td,~5 eV. In either ex- specific spectraXq-X,, that were analyzed represented the
treme, however, our value here of 0.9 eV is clearly in thedominant ones in a sea of weaker less clearly resolved ones,
right range, and we conclude therefore that the simple treais is evident in Fig. 9 of I, and in some cases could easily
ment that we have outlined above is leading to reasonableepresent the unresolved superposition of several separations
values for the Frenkel pair exchange. of comparable 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 neighborg0&0). IV. RADIATIVE LIFETIMES
Included also for each is the distance between the vacancy
and interstitial site, and that between the selenium neighbor A. Theory
of the vacancy that contains the hole and the interstitial site. Like exchange, the radiative lifetime of an individual pair
Using the latter distance as the effective distaRcen the  also depends upon the overlap between the electron wave
exchange interaction, we have calculafetbr each site us- function on the interstitial and the hole wave function on the

B. Comparison to experiment and lattice separation assignment
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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 pogjticas aheasured from
Zn; in a site surrounded by four seleniums located0@0). (a=5.66 A is the ZnSe cubic unit cell dimensiphe assignments have been
made by matching the experimental valued afith those calculated by Eq&) and(8), with J;=0.91 eV and with separatidR between
Zn; and the Se neighbor &f7, containing the holéSe,), as given in the third column.

Vysite R(VzZn) R(Se-Zn)  J(calc) J (exp) Frenkel . Y(singled 7, L(triplet)
aaa .

357 (R) R) (MHz) (MHz) pair (keps (keps
(002) 2.83 4.68 -12154317

(111) 4.89 6.16 -4865034 V!

(112 4.89 7.34 -2229415 V!

(210 6.32 8.36 -1105575

(221 8.48 10.09 -322130 AV'Y) 5.0
(300 8.48 10.85 -184800 B(V'") 22.0
(311) 9.37 10.85 -184800 C 10.7
(311 9.37 11.56 -109261 D 3.3
(320 10.19 12.23 -66206 -57050 Xy

(322 11.65 12.87 -40855 -32048 X

(410 11.65 13.47 -25896 -18827 X3

(322 11.65 14.04 -16620 -15382 X4 116

(331) 12.31 14.05 -16620 -14624 Xs

(331 12.31 14.61 -10804 -13823 Xe

(421) 12.95 14.61 -10804 -11833 X7 12.1
(421) 12.95 15.15 -7117

(050 14.13 15.67 -4752 -4752 Xg 86.3 9.9
(333 14.68 15.67 -4752

(403 14.13 16.17 -3217

(511) 14.68 16.17 -3217

(151) 14.68 16.65 -2209 -1964 Xo

(432 15.21 16.65 -2209 -1820 X10 235 7.7
(333 14.68 17.13 -1517 -1619 Xy1 245 11.4
(250 15.21 17.13 -1517 -1427 X2 22.8

(423 15.21 17.59 -1055 -1319 Xi3 20.9 4.8
(522 16.23 17.59 -1055 -908 X4 10.6

(414 16.23 18.03 -746 -719 Xi5 11.3 6.9
(252 16.23 18.47 -525

(531) 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
(443 18.09 19.32 -267 -252 Xig 4.3 4.0
(621) 18.09 19.72 -195

(533 18.52 19.72 -195

(261) 18.09 20.13 -141

(405 18.09 20.13 -141

(344 18.09 20.52 -102 -90 X1g 3.0 4.4
(425) 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

(236) 19.78 21.28 -57

(711) 20.17 21.65 -42 -36 X0

(362 19.78 22.02 -30

distant 0 ~0 distant 0.13
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1. Shallow effective mass states

10°
For shallow donor and acceptor states, we may approxi-
, mate the matrix element af above in the identical way in
10 which we treated the exchange integral in the preceeding
\ section. We employ the approximation of E@) with
10° r{=r,=r, 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
¥ 10° greater extent of the envelope functions, and utilize the or-
- E% thogonality ofu, andu,. This leads directly to
=
- 10 Eeif| 2 Jdaw®
g W~ (5—0) n Wf(%'%AKXJXg)F, (19
10° where
YQ?& : 2
10? ra= —f ug(r)ru,(r)dsr| , (12
QoJa,
and
10 \
IDA:f (I)D(I‘)(I)A(r—R)dsl’. (13)
10° t t t —
0 5 10 15 20 25 For 1S envelope functions,,p, is given by’
R(A)
8(&[‘3)3/2 , )
FIG. 1. Assignment of the separatiéhfor the observed Zn IDA_(a?_I[g?)ﬁR{[A'“'B’L(a —B%)BRlexp — aR)
V,, Frenkel pairs according to their experimental values of ex-
changel. The curve was calculated with,=0.91 eV, determined —[4aB—(a®~ B*) aRexp — BR)1}, (14

by matching the value foKg, the black point in the figure. wherea, 8, andR have been defined earlier in E@).

. . The dipole matrix element in Eq12) may also be ex-
vacancy to which the electron makes the transition. It thusy essed in terms of the momentum operaig?

also serves as an independent indicator of separation. The
lifetime will also depend on the component of total sfiim 5
the excited state of the combined=1/2 electron and hole L) Ue(r)ru,(r)d>r=
particles, since the transition is to a groude O state. 0

Following Dexter® the spontaneous radiative recombina-leading, for shallow effective mass donor and acceptor states,
tion rate between excitedi(,) and ground W) states of a whereu, andu, properly represent the states at the band

f ue(rpu,(rdr, (15

Mw,cJaq

defect in a medium can be written edges, to
h2E
Eoif\? |4aw® ) ra=—2>, (16)
W= (5—0 N|—5gz Kl Wel, 9 2mE;

whereE,, is the energy equivalent interband matrix element
wherea is the fine structure constaritw, the energy differ- commonlygencountered ik-p band structure theory, and
ence between ground and excited statesthe velocity of ~ defined by

light, and r, the electron position operator. The term in )

square bracket§ is due to j[he presence of the dielect_ric me- p:E if Ue(r)pu,(r)d3r| . 17)
dium, wheref is the effective field seen by the defe€y,is m| Qg Ja,
the average field in the medium, ands the index of refrac- o
tion. For shallow donor-acceptor recombination, we expect
In the case of donor-acceptor recombination, the spatidherefore
parts of the excited and ground states can be replaced by £.12 120h20°E
e i~ "
¥, and¥,, the occupied mte'rstmal donpr and empty va- WA (gi) n —sz_p|%A|<Xe|Xg>|2- (18)
cancy acceptor states, respectively, leading to 0 3mcEy

W:

w 2 2 check on this treatment in that they also estimated the radia-
&o 3c? KAl ¥o)! |<Xe|Xg>| » (10 tive rates of the shallow-donor-acceptor pairs in a separation
rangeR that overlapped their exchange measurements, giv-
where|x,) and|x,) are the spin functions of the excited and ing W=2X 10° exp(—2R/ap) sec’. For their studies,
ground states, respectively. R>ap>a,, and Eq.(14) reduces to

) 3 The work of Cox and Davi€sin CdS serves also as a
geff) 4&’
—1|n
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|12~ 12)+Q|-1/2,1/2

[112,1/2) _ 21
\ et} |X62 \/1"‘—QZ ( )
12172 ,/ 1 [xe2) Xea) = —Q|1/2,—1/2y+|—1/2,1/2 ' 22
-1/2,1/2) '\_ /1+Q2
l —'—'—— [Xe3?
| Xea)=|—1/2,—1/2), (23
[-1/2,-1/2) where
T—— ’Xe4> _ B J2 1/2
| N o= (9h—9e) B H1+ - 2} _1]‘
Oy J (Oh—0e)213B
(@J=0 > (24)
(b)J=0 Here,g. andgy, are theg values for the donor electron and

acceptor hole, respectively,g, the Bohr magnetorB, the

FIG. 2. Zeeman energy diagram for the excited states of a Frerapplied magnetic field, andl, the exchange interaction. The
kel pair,(a) without, and(b) with exchange. Shown are the radiative groundS=0 state is
transitions to the ground statdark arrow$ and the ODMR transi-
tions (light arrows. Shown also schematically are the resulting |1/2,— 1/12y— |- 1/2,1/2)
ODMR spectra, the individuaV,, and Zn* lines for J=0 each |Xg = \/f . (25)
splitting into two lines, the stronger inner ones becoming the al-
lowed transitions within the tot&=1 manifold, the outer weaker |, .\ and |xes) are theMg=*1 states of the pure triplet

ones the forbidden ones between B0 andS=1 manifolds. S=1 manifold with
|2 64(an/ap)® exp(— 2R/ag) (19 |<Xg|Xel>|2:|<Xg|Xe4>|2:01 (26)
s r— T — s
DA [1-(anlap)?]* P and the optical recombination transitions from these states is

c)tttgerefore “forbidden.” The other two states are mixtures of

in agreement with the observed dependence on separati e S=0 andS=1 states, and

With Aw=2.25 eV for the luminescencea,/ap=0.17,

Ey=2.82 eV,E,=24.2 eV}® £~ &, as expected for ex- (1-Q)2
tended defects)= 2.5, and( x¢| x4)[*~ 0.5 (as we will dem- [Kxglxe2)P=57—=7 (27
onstrate below Eq. (18) gives, with Eq.(19), 2.2x1¢? 2(1+Q9
sec ! for the preexponential factor, in remarkable agreement. (1+Q)2
For use later, we note that E(L6) gives with these values, |<Xg|Xe3>|2:—2' (28)
r2=11.8 A2. 2(1+Q9)
_ For the distant pairs, wheté|<|g,,— ge| #gB, Q~0, giving
2. Deep Frenkel pair states [(xgl xer) 2= [(xql xes)?=1/2, independent of separation.

Again, as for the exchange, we will assume that a similafThis has been used above for the analysis of the distant
expression to Eq(11) applies approximately for the deeper shallow-donor-acceptor pair results of Cox and Dayiésr
Frenkel pair radiative rates but witt§ no longer necessarily the closer pairs, with large negative value fbrthe sign
simply related to the band parameters as in @6). In Sec.  chosen in Fig. 2, and witg,>g., the case for the Frenkel
IV C, we will describe experimental measurements for thepairs, Q— — 1, [(xql xe2)l?—1, and|(xg| xes)|>—0. There-
Frenkel pair lifetimes and, assuming the lattice separatiofiore, the lifetime of state 3 increases, as it becomes more
assignments of the preceeding section, derive an empiric#liiplet in character, and that of state 2 decreases as it be-
value forrg using Eq.(11). A test of the general validity of Comes more singlet. The crossover in this behavior occurs

the approach will again be provided by comparison of thevhen|J|=|g,—gelugB . (For a positivel, Q— +1, and the
empirical value for2 with that of Eq.(16). roles of the two states reverse with state 2 becoming more

triplet in character, ett.

3. Spin selection rules

For a single Frenkel pair, there are four excited states B. Theory of the ODMR lifetime measurements

arising from them,= = 1/2 andm,,= * 1/2 spin states of the Each of the four microwave induceiMg=*1 transi-
electron on the interstitial donor and hole on the vacancytions, shown in Fig. @), is between a pure triplet state,
respectively. This is illustrated in Fig(@ without exchange, |xe1) Or |xes), With @ long spin-forbidden radiative lifetime,
and in Fig. Zb) with exchangel. The spin parts of the four and a mixedS=0 and S=1 state,|xe3) OF |xes), With a
excited states of an exchange coupled donor-acceptor pashorter spin-allowed radiative lifetime. As a result, the lumi-
can be written in terms of then, ,m) product states of the nescence increases at resonance for each transition as the
individual s=1/2 spins as defects in the longer lifetime “bottleneck” state are trans-
fered to the shorter lifetime radiative state, giving rise to the
|xe1)=11/2,1/2), (200 ODMR signal. In Fig. 3, we simplify the problem therefore
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FIG. 3. Equivalent two excited state system treated in the text— ) )
one, |1}, with a long radiative lifetime,, the other,|s), with a FIG. 4. Modulation frequency dependence of the in-ph@sg

short radiative lifetimey,. The relevant transitions are indicated. and quadraturé90°zloDMR signals predicted fa@) Sa{“fateq lu-
minescence, U>7,*; and (b) unsaturated, U<z~ with

to that of two excited states — orié), with a long radiative ~ 7s/71=0-1:

lifetime, 7, the other,s), with a short relaxation times. . )
As shown, photoexcitation populates each equally at ratét~10" sec ™, much greater than any of the other rates in Eq.
U, and microwave induced transitions between the two aré20). To calculate the ODMR signal intensity, we therefore
induced at ratex. solve Egs.(29) for t=0 to 7/w, with u=o, and for
The rate equations for the populatioNg andN, can be t=7/wp, to 27/ 0y, with ©=0, match the solutions at the
written boundaries, and evaluate E@1) for the in-phase ¢$=0)
and out-of-phase ¢=90°) components. As an additional
dNg (N;—Ng) —(N;—Ng)o simplification, we sefl; =, justified because its value for
dt = (N = Ng) + T, isolatedV5,, has been measured to'be 0.35 sec alf=1.5
K, the ODMR measurement temperature, and the value for
— L U(Ng=Ne—N;) Zn;*, being in anS state, should be even longer, both much
Ts o s L longer than the radiative times that we will measure. We
consider therefore two casds) U>1/7.>1/7, correspond-
dN, (N;—Ng)—(N;—Ng)g ing to saturation of the excited states and the luminescence,
at — (N =Ng)— T, and (b) U<1/n<1/7, the low excitation, linear case. The
results are straight forward and are plotted in Figs) 4nd
| 4(b) for 74/7=0.1. The dependence on thg/r ratio is
N ?|+U(N0_ Ns—Ny), (29 jjustrated in Fig. 5 for the unsaturated case, which will turn
out to be the case of interest in our measurements. From it,
Where,LL is the microwave induced transition rate betweenwe see that the peak in the in_phase Component, or the zero
the two StateSTl is the Spin-lattice relaxation time by which in the Out-of-phase Component occurs when
the population difference returns to the thermal equilibrium
value (N;—Ng)o at a constant population leveN(+ Ny), 1 1
U is the rate at which the excited states are being generated 2Wmax™ Py
via laser excitation from the ground state, aglis the total
number of the defects.
The luminescence intensity depends upon the populations 44 ; y T T
of the excited states and their radiation rates, giving, b) 90°

1
== (32)

Ng N, o
(t)= —+—. (30)
T T

S

o
»

l— Ts=0.17)

In the ODMR experiment, the microwaves are turned on
(u= constantatt=0 and off (u=0) att=n/w,, and re-
peated in square wave fashion at the modulation frequency
on=27f,. The resultind (t) is sent to a lock-in amplifier, 0
the output of which gives therefore for the ODMR signal, | A
001 01 1 10

Ni| . 20mt,
sinfwt+¢)dt.  (31)

|
Ts T

ODMR (arb. units)

2®OmTr

FIG. 5. Dependence of thé@) in-phase(0°), and(b) out-of-
In our case, the microwave magnetic field in the cavity isphase(90°) ODMR response omg/7,, for the unsaturated case,
estimated to be of the order of several Gauss, givingJ<r, t.
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FIG. 6. Least squares fiheavy ling to the in-phase ODMR 8 !
central region spectrurtlight line) at 1 kHz modulation frequency. i
Shown is the high field half of the spectrum which is centered 3
around the position for the isolated ;Zrresonance, the signals to ' | |
10'

lower field becoming “allowed” transitions within the triplet mani- 10 10° 10*  10°
fold, the signals to higher field becoming the “forbidden” ones i (H2) fn (H2)
between the singlet and triplet manifold. Some of the dominant m

pairs are indicated. . . -
FIG. 7. Modulation frequency respons@s-phase, solid lines;

. ) i B out-of-phase, dotted lingsf some of the Frenkel pair&), (b), and
serving as a direct measure of what we define as an “effecy) ere determined by separately monitoring each resolved ODMR

tive” radiative recombination rate /. signal.(d) was determined by the least squares method illustrated in
Fig. 6.
C. Experimental results slightly off resonance was performed and subtracted in each

As illustrated in Fig. 9 of I, the ODMR spectra associatedcase. Again,7, was estimated for each transition from its
with the more distant pairs behave differently vs modulationin-phase and quadrature intensity vs modulation frequency.
frequency, reflecting their different radiative lifetimes, and In Fig. 7, a few representative examples of the observed
allowing their separation and analysis in | from an otherwisemodulation frequency dependences are shown, ranging from
unresolved superposition of the many pairs which have tranweak (c) to strong(a) ODMR signals. For these, and all of
sitions in the central region of the ODMR spectrum. Some ofthe others, the in-phase signals were observed to be small at
the spectral lines of the closer pairs also contribute in thidow modulation frequencies, to go through a maximum, and
region. To extract the radiative lifetimes of each, the in-to decrease again at high frequencies. This is characteristic of
phase ODMR spectra were recorded at a sequence of modine unsaturated case, and we therefore estimafer each
lation frequencies and at each frequency, the intensities dPDMR signal from the peak of its in-phase signal, using Eq.
the lines for each identified defect were allowed to vary for(32). We find that, within the accuracy of the measurements,
best least square fit to the overall spectrum. An example ofhe two inner ODMR transitions, which correspond to tran-
the fit is shown in Fig. 6, for the high field side of the in- sitions from the|x.3) state, display the same lifetime, as do
phase ODMR central spectrum at a modulation frequency othe outer transitions, from theye,) state, with the latter
1 keps.[Each Frenkel pair has four resonances, two on eithehaving the shorter lifetime. This is as expected from Egs.
side of that for the isolated vacancy, and two on either sidé27) and (28), the | x3) State approaching dominant triplet
of that for the isolated interstitial. The intensity of each line composition, and xe,), singlet, as|J| increases. We note
present in the spectrufonly the inner lines were observed also that all four ODMR transitions are positive for each
for the some of the closer pajrvas allowed to vary inde- defect(produce increase in luminesceicand of approxi-
pendently] The ODMR intensities were then plotted vs mately equal intensity. This confirms our assumption in the
modulation frequency for each transition, and the lifetimeprevious section, leading to E32), that T, is long with
7, estimated. respect to the radiative lifetimes. T, were comparable, the

An alternative method was also used for some of the spedntensities of the two inner transitions would differ signifi-
tra which were well resolved from the central region, or forcantly, as would the two outer ones, andTif were shorter,
the strongS=1 close pairs in the central region. For them, the pair in each case would have opposite signs. In fact, in
the magnetic field was held fixed at the resonance positiorfig. 8 of I, the higher field transitions do appear slightly
and the intensity of the resonance was monitored directly vsveaker than the corresponding low field transitions of the
modulation frequency. To discriminate against backgroundesolved outer set, which is evidence for weak but not com-
contributions, a similar study with the magnetic field detunedpletely negligible relaxation and @egativesign for J. (This
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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-
10° /\ sented and, in particular, for the lattice assignments that we

10*

have made.
With this empirical value for3, and the empirical value
Q for J,=0.91 eV determined in Sec. Ill B, we may now cal-
culate the ratio of the emission rates to exchange vs the sepa-
ration R, for the Frenkel pairs using Eq&), (8), (11), (14),
5 (24), (27), and(28). The results are plotted in Fig. 8, and the
10° %"i general agreement is clearly good. We note that the experi-
é A N A mental results for transitions from the triplet states break
away from those from the singlet states precisely as pre-
10° dicted, the ratio of their recombination rates to that of the
singlets decreasing steadily beyond the point where
triplet |3|~1(9n—9e)| #gB. (They do not actually decrease signifi-
cantly, however, as the exchange increases, as predicted in
107 ~ ; R o . 10 our simple model. This suggests that other weaker selection
10 10 10 10 rule violation mechanisms, not considered in our treatment,
Ml (MHz) may be becoming important for these closer triplet pairs.

singlet

10?

7" (sec™)
> D>

FIG. 8. Radiative lifetimes, * vs exchangelJ| for the triplet
V. SUMMARY
(A) and singlet(O) Frenkel pair excited states. The solid curve is
calculated, see text. We have presented simple theories for the exchange and
radiative lifetimes of separated shallow-donor—shallow-

can be deduced directly from Fig. 10 of I, which predicts the2cceptor pairs, and have outlined an extension of the ap-
high field components to give negative signals if thermalProach to treat deep-donor—deep-acceptor pairs, as is the
equilibrium populations exist, because they cause transition€2S€ for the zinc-vacancy-zinc-interstitial Frenkel pairs in
out of a thermally favored radiative state into the bottleneckcS€: The results for exchange have been found to agree
triplet states. Reversing the sign bfeverses the argument. satisfactorily with a tentative assignment for one of the Fren-

This serves to confirm our assignment in Table | of negativé<€! Pairs in 1, serving to confirm it and to allow therefore
values forJ. assignments for the other pairs. We have measured the radia-

We include in Table I, the estimated recombination rated!Ve lifétimes of many of the individual pairs and find here
(7:1) for each Frenkel pair for which it was possible to too remarkable agreement with the theory. We conclude,

perform reliable measurements. The rate, labeled singlet, I&éerefore, that we are observing most of the closest pairs, and

the average of the measurements for the two outer transitio 2t;:§hZ'r:nglngzeggiaair\?;"ﬁ%?iger?gsggagzﬂgiscnpt'on of
(arising from the y,) predominately singlet state in Fig), 2 Our resu%ts clearly demonstrate that tr?e rima.r mecha-
and that, labeled triplet, is the average of the two inner tranhism for the spin dey endence of the recompbinatic))/n is that
sitions(arising from the xe3) predominately triplet stateln ; P . P S X

) . resulting from the “bottleneck” of the triplet components of
Fig. 8, the results are presented in a log-log plotJjsfor

T . . ; . the combined distant Frenkel pair partners. This model has
each pair, illustrating a roughly linear relationship for the oo :
) . : ften been cited in the past for distant donor-acceptor recom-
singlet rates, but a saturation onset for the triplet rates

13/~0.5 cnt . (The values for theA, B, C, andD, S=1 %matlon, but we believe the present work represents the first

e . unambiguous demonstration that it is correct, and that it ap-
spectra have been plotted at the positions of their calculated. X . .

. - . ies even for the most distant pairs for which the exchange
exchange values in Table I, and the “distant” pair value ha

~ . ; . coupling is extremely weak. It has been possible here be-
been plotteq a.ﬂ“_ 10 MH'z,_conS|sten+t W'th the width of the cause in this truly unique system, the individual pairs are
corresponding “isolated’V,,, and Zp" lines)

. well resolved and the lifetimes of the triplet and singlet com-
As a test of the theory developed above, we consider th b 9

results forXg, with J=—4752 MHz, which has been as- Bonents could be separately measured.
signed to the(050) site atR=15.67 A. Withap=2.05 A,
a,=240 A, and R=1567 A, Eq. (14 gives
13,=4.5x10"% Using this, with Zw=1.24 eV, This research has been supported jointly by the National
EertlE,~1, n=2.5, and |(x4lxe2)/’~1 in Eq. (11), and  Science Foundation under Grant Nos. DMR-89-02572 and
equating to the experimentally observed singlet rate in Tabl®MR-92-04114, and the Office of Naval Research Electron-
|, we obtain an empirical value fa of 10.5 A2, in remark- ics and Solid State Program under Grant Nos. N00014-90-J-
able agreement with the effective mass value of 118 A 1264 and N00014-94-1-0117.
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