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This paper describes the first investigation of the way in which the electron-hole exchange interac-
tion for a donor-acceptor pair depends on the separation r between the donor and the acceptor. The
case studied is that of shallow donor electrons interacting with shallow acceptor holes in CdS. The
electron-hole recombination produces the well-known green edge emission, which is studied here by
optically detected magnetic resonance (ODMR) and by time-resolved (TR) luminescence spectros-
copy. Coulomb shifts cause the energy of the zero-phonon photoluminescence transition to depend
on r, so that pairs of a given separation can be studied selectively by appropriate choice of the obser-
vation wave length. The exchange interaction produces line splittings in the ODMR spectra, which
give a direct determination of the exchange constant A (the separation between the I's and I's levels
in zero field) for the particular pairs selected. In this way, values of 4 between 0.5 and 50 p eV can
be measured. The TR luminescence experiments were conducted in order to establish the relation
between observation wave length and the value of r; they also provided measurements of the radia-
tive recombination rate constant W. The parameters 4 and W are expected to have the form
Agexp(—2p/ap) and Wyexp(—2p/ap), respectively, for large values of p, where ap is the donor
Bohr radius and p is an effective intrapair separation defined by p=r[sin’6+(e, /€ )cos’0]'/?,
where 6 is the angle between the pair axis and the crystal ¢ axis. Values of 4 were measured over
the range p=1.5ap to 4ap, and values of W for the range p=4ap to 9ap. The data for 4 at
p>2ap and for W can be fitted by the exponential laws given above, with a common value of
ap=2.75 nm. The parameter A,~0.85 meV, and W;~2Xx10® s~!. The value for aj is in good
agreement with the estimate of 2.39 nm obtained from effective-mass theory. From 2ap to 9ap, the
values of 4 and W change by 6 orders of magnitude and the results provide one of the best demon-
strations ever obtained that the tail of a donor envelope function can be described by a single ex-
ponential out to very large distances. For p <2ap, the exchange splitting ceases to follow a simple
exponential dependence and, as expected, tends towards the value Ay=0.21 meV of the exchange
splitting for the free exciton. However, the departure from the exponential law occurs at values of p
greater than predicted, indicating the need for improved theories of the electron-hole exchange in-
teraction in semiconductors.

I. INTRODUCTION

The energy levels of a neutral-donor—neutral-acceptor
pair in a semiconductor are split by the electron-hole ex-
change interaction. In the past, investigations"? of this
interaction have been limited to donor-acceptor pairs in
which the exchange splitting is large enough to be
resolved in the emission spectrum produced when the
electron on the donor recombines with the hole on the ac-
ceptor. Such observations have therefore been restricted
to donors and acceptors which lie close to each other, and
it has hitherto not been possible to investigate how the
strength of the exchange interaction depends on the dis-
tance r between the two centers. The present article pro-
vides the first example of such information. We have suc-
ceeded in measuring exchange interactions down to the
microelectronvolt range using optically detected magnetic
resonance (ODMR), a technique which allows determina-
tion of the splittings of the magnetic sublevels of a
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luminescent excited state even when these splittings are
much smaller than the optical linewidth.?

The particular case we have studied is that of shallow
donors interacting with shallow acceptors in cadmium
sulphide CdS. Here the spin and orbital an§ular momenta
of the hole are coupled in a state j,=3 so the spin-
exchange interaction appears as a coupling between j, and
the electron spin s, (usually called “‘j-j coupling”) which
we write

H=aj,-s, . (1)

We have measured the magnitude of the coupling parame-
ter a for donor-acceptor separations from 3 to 10 nm, cor-
responding to about one to about four times the donor
Bohr radius ap. Over this range, the strength of the in-
teraction is observed to change by 2 orders of magnitude.
For intrapair separations r greater than about 2ap, the
coupling parameter shows an exponential decrease with
increasing r and we can account for the results using a
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Heitler-London type description in which the electron-
hole wave function is taken to be an (antisymmetrized)
product of the isolated donor and isolated acceptor wave
functions. A donor envelope function of hydrogenic form
proves satisfactory (while the exact form of the much
more compact acceptor function is not very significant).
For pairs separated by less than about 2ajp, we find that
the measured exchange splittings tend towards the value
recently determined for the exchange-induced splitting of
the free exciton in CdS.*> This is as expected, for, in the
limit where the opposite charges of the donor and accep-
tor cores cancel, the trapped electron and hole transform
into an exciton. However, the Heitler-London description
of the approach to this limit is in disagreement with the
data, pointing out the need for a more appropriate, unified
theory of exciton and donor-acceptor wave functions.

In the experiments to be described, ODMR signals
from donor-acceptor pairs are obtained by monitoring the
intensity of the donor-acceptor recombination lumines-
cence. As discussed later, both the wave length and the
decay time of the emission are sensitive to the spatial
separation between the donor and the acceptor. By suit-
able selection of the wave length and of the observation
time after pulsed excitation, recombination at donor-
acceptor pairs within a comparatively narrow range of
separations centered at given values of r can be studied.
The magnetic resonance signals are split by the j-j cou-
pling and the magnitude of this coupling can thus be
determined as a function of intrapair separation.

A brief description of preliminary results of this work
has been given previously.® The plan of the present article
is as follows. In Sec. II we summarize the relevant
features of the CdS emission spectrum. In Sec. III we
present a time-resolved luminescence study that was un-
dertaken in order to estimate E_, the emission energy
that would correspond to a donor and an acceptor separat-
ed by an infinite distance. (The parameter E , had to be
determined so that the scale of emission wave lengths used
in the ODMR study could be converted to a scale of
donor-acceptor separations.) We then consider (Sec. IV)
the energy levels for coupled donor-acceptor pairs in a
magnetic field and describe the ODMR spectrum and
how this is affected by the j-j coupling. In Sec. V the
wave length-selected time-resolved ODMR experiments
are described and the dependence of the strength of the j-j
coupling interaction on the intrapair separation is deter-
mined. Finally, in Sec. VI the results are discussed in
terms of currently available theory. Some detailed aspects
of the analysis are described in the appendixes.

II. SHALLOW-DONOR—-SHALLOW-ACCEPTOR
RECOMBINATION EMISSION IN CdS

The green edge emission from CdS ranks among the
classic examples of luminescence phenomena in semicon-
ductors."?>7~1% At 2 K it is made up of two overlapping
series of bands. Each series consists of a zero-phonon
band and a series of LO-phonon replicas spaced at inter-
vals of about 40 meV. One series, referred to as the high-
energy series (HES), has its zero-LO-phonon band peaking
typically at 512.5 nm (2.419 eV) and is usually attributed
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to recombination between conduction-band electrons and
holes bound at shallow acceptors. The other series, re-
ferred to as the low-energy series (LES), is due to recom-
bination between electrons bound to shallow donors and
holes bound to shallow acceptors. The zero-LO-phonon
peak wave length for the low-energy spectrum depends on
the excitation conditions (see below); under continuous ex-
citation at low power it occurs typically near 517 nm
(2.398 eV).

It is the low-energy series that concerns us in the
present work. After pulsed excitation, the bands decay
nonexponentially and shift with time to longer wave
lengths. This behavior, which is characteristic of donor-
acceptor recombination, arises because there is a Coulomb
interaction between the ionized donor and the ionized ac-
ceptor after recombination has occurred. Because of this
term, the spectral position of the zero-phonon transition
for a recombining donor and acceptor separated by a dis-
tance ris"

e2

hv=EgG—(E _—,
v G ( A+ED)+4776960I‘ (2)

where Eg is the bandgap and where E, and E, are,
respectively, the donor and acceptor ionization energies.
The anisotropic dielectric constant €, is given by

€5=¢€,€)sin*0+€lcos’0 ,

where 6 is the angle between the pair orientation and the
crystal’s ¢ axis. Additional terms of non-Coulombic
form,'® important only at very small values of r, have
been omitted from Eq. (2); as discussed in Sec. V, they are
not significant for the pairs we have studied in the present
work.

It can be seen from Eq. (2) that pairs with smaller
values of r recombine with higher emission energies.
Such pairs also recombine more quickly, so that, in a
pulsed excitation experiment, as the delay before observa-
tion increases, the emission becomes increasingly dom-
inated by contributions from long-lived pairs. It is this
that produces the characteristic shift to longer wave
lengths. The presence of the distance-dependent decay
times and Coulomb shifts is crucial to the success of the
methods used to discriminate between pairs of different
separations in the ODMR experiments described later.

For small separations, the Coulomb interaction is suffi-
ciently strong and in suitable specimens the linewidths can
be sufficiently narrow for the emission lines due to pairs
with different discrete values of r to be resolved. Zeeman
spectroscopy is then possible and the j-j coupling of pairs
with separations thought to be about 1 nm has been stud-
ied in this way.!"?

For greater values of r the different pair spectra merge
into a continuous distribution of lines. In fact, the emis-
sion under continuous excitation is dominated by contri-
butions from the large number of pairs with large separa-
tions. These “distant pairs” have been the subject of pre-
vious ODMR studies.'""!’

A further complication in the emission spectrum can
arise through the simultaneous presence of more than one
type of shallow acceptor. Different acceptors have
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markedly different ionization energies and lead to series
of emission bands that are displaced relative to each oth-
er.!! For the present investigation we have therefore tak-
en care to select a crystal in which only one dominant
type of shallow acceptor, lithium, is present.!®!! On the
other hand, the differences in ionization energy between
different (single) donors are too small to be significant in
the present work.

III. TIME-RESOLVED OPTICAL SPECTROSCOPY

Of crucial importance to the interpretation of the
ODMR results to be described later is the relationship be-
tween the zero-phonon emission energy E and the intra-
pair separation. From Eq. (2) we can write

e2

E=E_+——,
4meeyp

(3)
where E  =Eg—(E 4+ Ep) is the value of E for infinite-
ly large separation. We have replaced the anisotropic
dielectric constant €4 by a quantity e:(e”el)” 2 and the
separation r by an effective separation p, where

p=r[sin*0+ (€, /¢ )cos’6]'? 4)

so that ep=e€gr. In terms of the effective separation p, the
Coulomb interaction is isotropic; the other consequences
of using p rather than r are discussed in Appendix A.
Following Flohrer et al.,'® we shall use the values
€,=8.92 and €, =8.42 obtained from infrared reflectivity
measurements!® so that €é=8.67. Note that the reported
values of the ratio €, /€| range from 0.92 to 0.94 (see Ap-
pendix A) so that the maximum difference between p and
ris only ~4%.

The essential problem in our work is to determine the
value of E_ for the particular donor-acceptor combina-
tion studied, since the effective donor-acceptor separation
p can then be deduced from the emission energy over the
range of validity of Eq. (3). In principle, E_ can be ob-
tained from values of Eg, E 4, and Ejp, but these quanti-
ties are not known to sufficient accuracy. To determine
E ., we have therefore studied the shift of the emission en-
ergy as a function of time delay after an excitation pulse.
This shift occurs because the recombination rate depends
on the effective separation p. The present section de-
scribes these experiments and shows how a value of E
may be obtained by an analysis that is essentially
equivalent to extrapolating the results to infinite delay
time.

The usual method of obtaining time-resolved lumines-
cence spectra is to use a gated detector to measure the in-
tensity of luminescence at a delay time ¢, after an excita-
tion pulse. This discriminates against centers having a
characteristic decay time much shorter or much longer
than t,. However, Dunstan and co-workers?®?! have re-
cently pointed out that such experiments can give quite
misleading results if the pulse sequence is repeated with
some period T not very much greater than tp, as often
must be done to improve the signal-to-noise ratio. Then
the population of centers with lifetimes longer than T will
build up to a high level during successive pulses and may
contribute a nonnegligible background to the signal

detected. A technique called frequency-response spectros-
copy (in-quadrature detection of the synchronous signal
component induced by a sinusoidally modulated excita-
tion source) has been used to avoid this problem.?! How-
ever, we prefer to keep pulsed excitation and a gated
detector as in the usual time-resolved spectroscopy tech-
nique (because this gives high contrast against short-lived
species), but we use the modified observation sequence
shown in Fig. 1.

We place two observation gates after every laser pulse
and extract the difference between the two integrated in-
tensities by means of a phase-sensitive detector; see Fig. 1.
This sequence discriminates against short-lived pairs be-
cause they decay before the first observation gate and
against long-lived pairs because their intensity cannot
vary very much between the first and second gates.

Our excitation source was an argon laser operated at
496 nm, pulsed by an acousto-optic deflector. The emis-
sion was observed with a gated photomultiplier (EMI
9816G) with the two gate pulses spaced 7/2 apart, where
T is the laser period. Emission spectra were recorded as a
function of wave length for laser pulse repetition rates
from 100 kHz to 1 Hz. The sample was immersed in
pumped liquid helium at about 2 K.

Two examples of time-resolved emission spectra record-
ed in this way are shown in Fig. 2. A shift of the spec-
trum as the repetition rate decreases is readily apparent.
It occurs because the longer-lived pairs have smaller
Coulomb energies. The peaks in Fig. 2 also narrow slight-
ly when the repetition rate decreases because the spread of
Coulomb energies becomes smaller. At the lowest repeti-
tion rates used (1 Hz), Coulomb broadening is negligible
and the origin of the residual linewidth AE of about 0.010
eV (full width at half maximum) is not obvious. Moroz
et al.'? have attributed the broadening to interaction with
transverse-optical phonons.

In our experiments we measure E.,, the peak energy
of the zero-LO-phonon line, but in the analysis we need to
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FIG. 1. Sequence of pulses applied to the laser modulator,
photomultiplier gate, and phase-sensitive detector reference in
the time-resolved luminescence measurements. Here and in Fig.
6 a positive-going pulse switches on the appropriate device.



8594

510 520 530

Wavelength (nm)

FIG. 2. Time-resolved luminescence spectra from a CdS
crystal excited by 496 nm radiation at 2 K, showing the zero-
LO- and first-LO-phonon peaks. The spectra are obtained with
the pulse sequence of Fig. 1 with repetition rate 1/T set at 10°
Hz in g and at 10 Hz in b. The vertical axis represents lumines-
cence intensity per unit wavelength interval and the two spectra
have been normalized to the same maximum peak height. The
vertical line ¢ marks E ., the position of the zero-LO-
phonon peak for infinite intrapair separation.

remember that this is shifted to lower energy (by about 3.5
meV according to the analysis of Moroz et al.'?) with
respect to the true zero-phonon energy appearing in Eq.
(3). Deduction of E , e,k (the peak energy for infinite in-
trapair separation corresponding to infinite lifetime) from
these measurements requires a theory of the radiative
transition probabilities in a system of donor and acceptor
centers. We shall use the simplest theory, the “isolated-
pair” model, in which it is assumed that each trapped
electron recombines with the nearest trapped hole and
that the energy and transition probability of this event are
unaffected by the presence of other centers in the vicinity.

The theory of the transition probability for recombina-
tion at an isolated pair in an isotropic crystal has been
given by many authors (e.g., Refs. 15 and 22) and needs
only slight modification for the case of CdS, which has
the wurtzite structure. For a hydrogenic donor wave
function of radius much greater than the acceptor radius,
the recombination rate is

W =Wqexp(—2p/ap) , (5)

where W, is a constant proportional to the conduction
band to valence-band transition matrix elements. Here,
we have replaced the donor-acceptor separation r by our
effective separation p [Eq. (4)] and aj, is an effective Bohr
radius for the donor given by 4mee #?/e*m,, where m, is
the electron effective mass defined in Appendix A. We
justify these substitutions in Appendix A where we show
that in CdS the donor wave function is very close to
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spherical in p space. This is important because it means
that there is close to a one-to-one correspondence between
the pair Coulomb energy and its radiative decay rate even
in the anisotropic crystal. Combining Egs. (5) and (3)
gives

e’ 1

- _ . (6)
2me€pap (Epeak —E o peak)

W

Wo

In

where we have replaced (E —E ) by (Ee —E o peax)-
Measurements of W can thus in principle be used to
determine E .., and also ap.

The response of our measurement sequence (Fig. 1) at
repetition frequency 1/7 is maximum for pairs with
recombination rate W equal to 1/(£7), where § depends
on the degree of saturation, as discussed in Appendix B.
For example, for low excitation power (no saturation),
£=0.39; in this case the response falls to half its max-
imum for W=1/(0.167 T) and for W=1/(1.50 T), and on
a logarithmic scale is about a decade wide (which is of the
same order as the width of the response function in
frequency-response spectroscopy,?! a broad response func-
tion being inevitable in any kind of time-resolved spec-
troscopy). A decade change in W corresponds approxi-
mately to a change of one donor Bohr radius in the
separation parameter p (irrespective of the value of p).
Thus the experiment is most sensitive to pairs with
separations within a range of about +a;,/2 centered on
the value of p that corresponds to a value of W near
(ET)~L

If we make the simplifying assumption that E ..« the
peak energy in the time-resolved emission spectrum, cor-
responds to pairs with this value of W, a plot of In(T ')
against (Epex—E pcak)'1 should, for the correct choice
of E peak, Produce a straight line [Eq. (6)]. The parame-
ters E peak» €ap, and Wy can therefore be determined
successively, as follows, from a graph of In(1/T) against
the corresponding experimentally determined values of
(Epeak —E peak)"‘. The value of E .. is chosen to
make the data lie as closely as possible on a straight line.
The value of eap, is then given by the gradient of this line.
An estimate of W, is obtained by setting W, equal to
(1/ET,) where Tq ' is the value of T~ at the intercept
of the straight line with the axis at (E o —E , peak )~'=0
(this value of W, has to be revised, however, in view of
the discussion later in this section).

In Fig. 3, we show such a graph, plotted for
Ao peak=518.90 nm (E_ .,k =2.389 eV). The straight
line gives an excellent fit to the data over almost 4 orders
of magnitude of T; only the data points at the highest re-
petition rates lie away from this line. Values of A, pea
less than 518.8 nm or greater than 519.0 nm give graphs
with marked curvature at both high and low repetition
rates.

The argument presented above is oversimplified for two
reasons. First, it make no allowance for the considerable
width AE of the zero-phonon emission, which causes a
large overlap of the emission bands for pairs of different
values of W, and, second, it assumes that the distribution
of pair separations n(p) is flat, i.e., that it is independent
of p. We have already noted that the experiment detects



34 ELECTRON-HOLE EXCHANGE INTERACTION FOR DONOR-ACCEPTOR PAIRS . .. 8595

peak wavelength (nm)
510 516 517 517.5
[T P B ) \.
Ll T ¥ T T
108 . rho (nm) 1S 20 25
AN |
‘t
\
pulse \\\\
rate
(Hz) \-
e
104 2

- -1 -1

FIG. 3. Relationship between the observed values of the peak
energy Ep.. of the zero-LO-phonon transition and the repeti-
tion rate (1/T) of the pulse sequence used in the time-resolved
luminescence measurements. The data are plotted on a scale of
(Epeak —E o peax) ™" for the particular choice E ., peax =2.3894 €V
(A  peak=518.9 nm), which, under the assumptions made in the
text, is also a linear scale of effective intrapair separation p.
The straight line is drawn to give the best fit to the data at low
pulse rates. The curve represents values given by the simulation
procedure of Appendix B, with ap=2.55 nm, W(0)=2.0x 10?
s~ ! and with the excitation rate proportional to n (p).

decay rates over a rather wide range. Since the number of
pairs of a given separation p is in reality a rapidly increas-
ing function of p, the density of pairs with given W
changes appreciably within the range of values of p
spanned by the response function. This skews the
response towards smaller values of W (larger p).

These effects are analyzed in Appendix B, and are more
pronounced for small values of p, where the dependence
of (Epeak—E ., peak)‘1 is predicted to depart from the
straight line of the simplified theory, as shown by the cal-
culated curve in Fig. 3. The calculated deviation occurs,
however, at values of 1/T that are higher than those at
which the experimental data begin to deviate markedly
from the straight line. A possible explanation of the
anomalous deviation of the data in terms of the effects of
the donor-acceptor exchange interaction is discussed at
the end of Appendix B. In view of this explanation, we
do not think that the anomaly negates the validity of our
analysis for the rest of the data range. Therefore,
we retain a value A, e =518.920.1 nm, i.e,
E, peak =2.389410.0005 eV. Taking the estimate by
Moroz et al.'? of the effect of TO-phonon broadening, we
deduce the true zero-phonon energy parameter for our
system (=E _ e, +3.5 meV) to be 2.393 eV.

The value of eap obtained from the fit in Fig. 3 is 22.1
nm, so that, with €=8.67, we find ap=2.55 nm. The
data points (at large T) fit straight lines of progressively
changing slope for choices of A ., ranging from 518.8
to 519.0 nm; the corresponding estimates of ap range
from 2.85 nm to 2.30 nm, respectively. As mentioned ear-
lier, values of A, pcak Outside this range do not yield a sa-
tisfactory straight-line plot, so we conclude that
ap=2.55+0.3 nm.

This is close to the value of 2.39 nm calculated from
the formula ap=e€ay/m, given by effective mass theory,
where a is the Bohr radius for the hydrogen atom and
where m, is the appropriately averaged electron mass,
taken to be 0.192m, (see Appendix A). (It is interesting
to note that with a slightly different choice of ¢, i.e., 8.95,
our experimental value of eap and the effective mass for-
mula would give identical values of 2.47 nm for ap.)

We emphasize that, since p < (Ep,x—E peak)_1 [see
Eq. (3)], the horizontal scale of Fig. 3 is also, for the
correct choice of E, ..k, a linear scale of the intrapair
separation p. The values of p for E  ,e.x =2.3894 €V and
€=28.67 are shown at the top of the diagram.

According to the simplified theory, the intercept (at
~8.1) of the straight line with the vertical axis in Fig. 3
should correspond to logo( Wy&). However, the calcula-
tions discussed in Appendix B, which allow for the finite
line broadening AE and for the effect of the pair distribu-
tion function, show that, for our donor-acceptor system,
the straight line that fits the data for (1/7) in the 1—10*
Hz range intercepts the axis at log(0.8 W,). That is, the
effective value of & in our case is 0.8 instead of 0.39. (In
view of such effects, which are inevitable in time-resolved
or frequency-response spectroscopy of pair recombination,
extrapolated values of W, should be interpreted with cau-
tion.) We find from our analysis that W,=2.0x 108 s~ 1,
There is a large uncertainty of the order of a factor of 2 in
this figure because we are extrapolating from data points
corresponding to values of W much smaller than W,. [It
should perhaps be emphasized that W, does not in reality
represent the limit of the recombination rate constant as
p—0 since Eq. (5) will be incorrect at small values of p
because of effects similar to those discussed in Sec. VI.]

A detailed time-resolved spectroscopic study of the pair
recombination emission from CdS has also recently been
carried out by Moroz et al.'? In analyzing their data,
these authors used known values of E; and E, and took
Ep to be a variable parameter. Since E  peax
=Ez—(E4+Ep)—3.5 meV, this is essentially equivalent
to the present approach, in which we varied E, .,k to ob-
tain the best straight line at large values of
(Epeak —E peak)‘l in Fig. 3. Moroz et al. found values
of W, in the range between 3107 s~! and 1x10% s~!
and values of ap between 2.64 and 3.04 nm (we have
reevaluated their data with €e=28.67 instead of 8.5). These
results are consistent with our own, but a detailed com-
parison is difficult to make because the combination of
donors and acceptors in our crystal may differ from those
in the specimens of Moroz et al..

It is of interest to recall here the earlier work of Col-
bow,? who also carried out time-resolved studies of the
pair luminescence in CdS. Colbow took Ej to be a vari-
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able parameter and from data at delay times between 0.5
ms and 1 s he estimated Wo=(4+2)x10® s~!. Our
present estimate for W thus lies between that of Colbow
and those of Moroz et al.

The results of this section can now be summarized as
follows. For intrapair separations from ~5ap to ~9ap,
the decay rate of the shallow-donor—shallow-acceptor
pairs in our crystal of CdS can be described satisfactorily
by an equation of the form W = Wj,exp(—2p/ap), with
Wy~2x10% s~! and with ap=2.55+0.3 nm. The value
of the parameter A, ., was found to be 518.9+0.1 nm.
More precisely, our estimates of ap and of A, pe,x are in-
terrelated: They range from ap =2.85 nm, A .k =518.8
nm to ap=2.30 nm, A, ,,x=>519.0 nm. Determination
of A, peax NOW makes it possible to establish an accurate
scale of the intrapair separation p in terms of the emission
wave length that is being monitored. This scale will be
used to analyze the exchange interaction data of Sec. V
and should be reliable over the range of separations for
which Eq. (3) is valid; as discussed near the end of Sec. V,
this should be the case for values of p as small as one
donor Bohr radius.

IV. THE PAIR ENERGY LEVELS
IN A MAGNETIC FIELD

In this section we introduce the effects of the Zeeman
interaction and of the exchange interaction. We shall first
consider the effect of the magnetic field on the energy lev-
els of donors and acceptors that are well separated, so that
the exchange coupling is vanishingly small. We shall then
discuss the effects of a finite exchange interaction on the
energy levels and on the ODMR spectrum.

A. Isolated donors and acceptors

For CdS, an electron trapped at an isolated donor has a
spin S = % and the corresponding magnetic-resonance
spectrum can be described in the usual notation by a spin
Hamiltonian:

y[/)D:g[lr,“'BSsz +gf:uB(SxBx +SyBy) ’ (7)

where z is along the crystal axis and gﬁ) =1.7877,
gP=1.7720.1102

The shallow acceptor states are more complicated and
can be considered in terms of a quasicubic approximation
in which the wurtzite crystal is considered as a strained
zinc-blende structure. In cubic zinc-blende semiconduc-
tors the valence band is split by spin-orbit coupling into
an upper, fourfold degenerate band (J =) and a lower,
twofold degenerate band (J =5 ). In the hexagonal struc-
ture, the upper valence band is split further into two com-
ponents A4 and B, with J,= _% and J,= _%, respective-
ly, separated by about 16 meV.?* The effective Hamil-
tonian for a hole in ‘the shallow-acceptor states derived
from the A4 and B valence-band edges is thus

HA=D[I}—+J(J +1)]+g"upB-J, (8)

with J =3 and 2D=16 meV.
The large value of D means that in thermal equilibrium

at helium temperatures only the J, = _% states are popu-
lated. When D >>g“upB the magnetic properties of the
+3 states can be described by a formalism in which the
effective spin is Sf= 1 and the effective spin Hamiltoni-
an is

=g upS B, +¢ (S, +55B,) )

where gﬁffziig" and g$'=0. The zero value of g im-

plies that magnetic resonance transitions within the
Sf=1 doublet are forbidden. For the field exactly
parallel to the ¢ axis this indeed turns out to be so, but
away from the c¢ axis the magnetic field mixes the
Jz=i% states with those for J,=+~ and magnetic-
resonance transitions become allowed.!

The recombination between a shallow-donor electron
and a shallow-acceptor hole is represented by the energy-
level diagram shown in Fig. 4(a), which applies to a pair
with r— o (so that j-j coupling effects are vanishingly
small) with the magnetic field along the crystal ¢ axis.
The selection rules for radiative recombination?’ are

(a) s, I,
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B=0 | -3/2
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Ly
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-1s2  3s2
172 =372
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tnite -1/2 =372

A=0
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A increasing —s>

FIG. 4. Effects of magnetic field B and of an exchange split-
ting A4 on the four sublevels of a neutral-donor—neutral-
acceptor pair in CdS. In (a), application of the field B removes
the fourfold degeneracy. The effect of increasing the exchange
interaction while keeping B constant is shown in (b). The two
magnetic resonance transitions that correspond to inversion of
the donor spin are shown as solid arrows; they are degenerate in
(a) and split by the exchange in (b). The dashed arrows
represent the allowed radiative recombination transitions that
transform D% A° to D*,4~. For slow spin relaxation, levels

i%,i%) become much more highly populated than levels

1 — . ..
Ii7,+%—) and both magnetic resonance transitions of the
donor produce increases in emission intensity.
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shown in the diagram. Since the emission rate depends on
the relative orientation of the donor and acceptor effective
spins, the possibility arises of changing the emission inten-
sity by changing the spin distribution in the excited states,
for example by magnetic resonance. It is this that makes
the ODMR experiment possible.

For the crystals used in the present study, the thermali-
zation times within the four excited-state sublevels shown
in Fig. 4 are long compared to the recombination times,'!
so that the relative populations of the four sublevels are
determined by the relative strengths of the recombination
processes. The states | —+,—+) and |+7,++) in
Fig. 4 thus become more heavily populated than
| —+,+3) and | +5,—< ). Magnetic resonance of ei-
ther the donor or the acceptor transfers some of this ex-
cess population to the emitting states, with a consequent
detectable increase in emission intensity.

As already noted, the emission spectrum under continu-
ous laser emission is dominated by contributions from
pairs with large values of r. Such pairs have been studied
in previous ODMR experiments'"!” and donor signals
were obtained corresponding to the spin Hamiltonian of
Eq. (7). The acceptor signal (obtained only when the mag-
netic fields was away from the c¢ axis) had g values that
depended on the nature of the particular acceptor in-
volved. For the present investigation care was taken to
select a crystal in which only one type of acceptor could
be detected by ODMR, namely lithium with
| g5 | =2.829+0.007."" The crystal, which was used for
both the emission spectroscopy (Sec. III) and the ODMR
(Sec. V) was a high-purity sample obtained from the Eagle
Picher Corporation.

B. The effects of j-j coupling on the ODMR spectrum

When the electron-hole exchange interaction is intro-
duced, there is a coupling between the acceptor angular
momentum J =% and the donor spin S ——-% having the
form of Eq. (1). The effective Hamiltonian for the pair
takes the form'

HP=HP 4+ H " +a) S+, . (10)

Hamiltonians #® and % have already been defined in
Egs. (7) and (8) and 57, represents any change in the crys-
tal field at the acceptor arising because of the proximity
of the donor. The term %, was important in the work of
Henry et al.! on very close pairs, but we shall ignore it in
discussing our own measurements on pairs that have rela-
tively large intrapair separations.

The principal objective of our measurements is to deter-
mine the coupling parameter a of Eq. (10). (Note that our
parameter a is 2a; where a; is the coupling parameter
used in the effective Hamiltonian of Henry et al.!) The
value of a depends on the overlap between the electron
and hole wave functions and, hence, increases as the intra-
pair separation gets smaller. We shall see later, however,
that a is always much smaller than the splitting 2D be-
tween the J,=++ and J,= i% acceptor states. The ac-
ceptor states are therefore not significantly mixed by the
J-j coupling (e.g., by terms such as J_.S_) nor are they
strongly mixed by the Zeeman interaction (since
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g?upB <<2D). The acceptor states thus remain eigen-
states of J, irrespective of the pair separation and ir-
respective of the direction and value of the magnetic field
in our experiments (provided that #%°, remains small).

The energy levels of a donor-acceptor pair when the
magnetic field is along the crystal ¢ axis are now

E(+3,+5)=+3¢%upB/2+g ugB/2+3a/4,  (lla)

E(+3,73)=+3g%uzB/27g upB/2—3a/4,  (11b)

where +3 refers to J, and *++ to the donor spin projec-
tion S;.

The magnetic-resonance transitions of the donor now
occur at field values which satisfy the equation

hv:gﬁ,uBBj:Sa /2,

where v is the microwave frequency, so that the donor res-
onance is split into two components, as shown in Fig. 4(b).
In a field swept experiment at constant v, these com-
ponents are separated in field by

AB =3a/gfu3 (c axis) . (12a)

Similarly, the (forbidden) acceptor resonance is split by
AB'=a/g%up . (12b)

We note in passing that the present case, in which a
donor angular momentum of 3 is coupled to an acceptor
angular momentum of 3 in the presence of a strong hex-
agonal crystal field, is quite different from previous
ODMR studies of strongly coupled donor-acceptor pairs,
in which donor and acceptor angular momenta both of
value % have been coupled [e.g., donor—deep-acceptor
pairs in ZnS (Ref. 25)]. In the latter case the field split-
ting of the resonance signals depends nonlinearly on the
strength of the exchange coupling and, in the limit of
strong coupling, a single resonance line is obtained at the
mean of the donor and acceptor g values® (this line may
in some cases be split further by anisotropic exchange?®).
In the present case, by contrast, the splittings described by
Egs. (12) are linear in field, provided the Zeeman interac-
tion remains small compared to the hexagonal-field split-
ting.

When the magnetic field is directed along an axis §
which makes an angle 6 with the c axis the j-j splitting of
the energy levels is reduced because (for small a) the
donor spin states are quantized approximately along ¢,
whereas the acceptor states remain eigenstates of J,, that
is remain quantized along the c axis [provided the zero-
field splitting 2D >>g“ugB in Eq. (8)]. For values of
a <<g*upB, gPugB, the energies now become

E'(+3,+3")~+(3g"upB cosh)/2
+gPupB/2+(3a/4)cosb ,

E'(+3,F3")~*(3g"ug cosh) /2
FgPupB/2—(3a /4)cosb ,

where + ' refers to the values of the donor spin S and
where
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(g2)?=(g])cos’0+ (g7 )%sin%6 .

The donor magnetic resonance now consists of a pair of
lines centered at hv/g”up and split in field by an amount

AB~3a cos6/g"up , (13)

whereas the acceptor line splitting (although reduced
when expressed in energy units) remains equal to a /g Aup
in a field-swept spectrum.

The discussion above has shown how the exchange in-
teraction affects the Zeeman levels of the donor-acceptor
pair in CdS. However, when discussing the results of
high-resolution photoluminescence studies,"? it is more
convenient to begin with the exchange-coupled energy lev-
els in zero magnetic field. For B=0, the I'; donor and I'y
acceptor (in the hexagonal point group labeling) are cou-
pled to give two doublets of symmetry I'¢ and I's, separat-
ed in energy by

A=E(Ts)—E(Tg)=—3a/2 . (14)

[Note that Eq. (A4) in Ref. 1 should read
A=—2a;($3,|J; | $3,2).] When a magnetic field B is
applied parallel to the c¢ axis, from Eq. (11a) and (11b) the
doublets split linearly as shown in Fig. 5. The figure also
shows the “donor” magnetic-resonance transitions, that is
it shows the energy intervals that would correlate with the
donor transitions as 4 —0.

As mentioned in Sec. II, very narrow zero-phonon lines
(i.e., lines involving neither LO- nor TO-phonon emis-
sion), corresponding to discrete pairs having small 7, are
sometimes resolved in the luminescence spectrum of CdS.
For some of these the effects of exchange are large enough
to be resolved and Henry et al.' and Reynolds and Col-
lins? found that for most such pairs the T's level was in
fact already split in zero-field. This splitting was attribut-
ed to a lowering of the symmetry of the acceptor site due

-1s2 -372

field —

FIG. 5. Effect of a magnetic field applied parallel to the ¢
axis on the I's and I'¢ energy levels of an exchange-coupled
donor-acceptor pair in CdS. The transitions shown correspond
to magnetic resonance of the donor spin and are separated by
AB =2A4/gpB. For vanishingly small exchange (4 —0), the
transitions would coincide at the resonance field By of the iso-
lated donor.

to the presence of the nearby donor, that is to the com-
bined effects of the j-j coupling and of the perturbation
¥, in Eq. (10). In analyzing their data Henry et al. in-
troduced a parameter A which equals the energy differ-
ence in zero magnetic field between the I'g level and the
centroid of the split I's levels. This parameter is equal to
the parameter 4 used in the present work [Eq. (14)] pro-
vided that the perturbation 5, is not too large. Henry
et al. found that their values of 4 were independent of
the pair orientation (within the rather large measurement
uncertainty set by the optical linewidths). For the re-
stricted range of pair lines that they could study, which
corresponded to values of r of about 1 nm (see Sec. VI),
their parameter 4 was about 0.20 meV. No dependence
of A4 on r could be determined in their work. In the
present investigation, we are concerned with rather larger
values of r, for which complications introduced by
symmetry-reducing effects ought to be small.

V. THE ODMR SPECTRA

For the ODMR experiments, the sample was immersed
in liquid helium at about 2 K inside an 8.7 GHz mi-
crowave cavity having an optical window. The emission
was excited by 496 or 488 nm light from an argon laser.
The ODMR spectrometer operated in a time-resolved
mode?’ using the pulse sequence shown in Fig. 6. The
laser is pulsed with a repetition period 7/2. The pho-
tomultiplier is switched to the active state after a delay
time ¢5. During alternate photomultiplier gate pulses, the
microwaves are applied. The difference in photomulti-
plier output between alternate gates is detected by a lock-
in system referenced to the period T. In this way one ob-
tains an ODMR spectrum with time discrimination.

The four excited-state sublevels in Fig. 4 are character-
ized by two decay times 7, and 7., for radiative and non-
radiative (or, more realistically, radiative and less radia-
tive) levels, respectively. Pairs for which both 7, and 7,

| I |
— T/p =< T/2 —
I
|

'L

|
laser
|
]

LT

L Lo
| it ity

PM gate i I l l

micro-
waves

PSD ref. L. T

FIG. 6. Pulse sequence used in the time-resolved ODMR ex-
periment. As in Fig. 1, a positive-going pulse switches on the
appropriate device.
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are much smaller than the delay time ¢, are not detected.
Similarly, pairs for which these decay times are much
longer than the cycle time T cannot contribute a strong
signal at the detection frequency 1/7. The system has
optimum sensitivity for pairs with 7, of order ¢, or small-
er but with 7, >tp. For such pairs, the radiative decay
occurring during the delay period ¢, leaves a substantial
population difference between the two types of sublevels,
and the subsequent microwave pulse can induce a large
population transfer. We vary the system response simply
by varying the overall repetition rate of the pulse sequence
of Fig. 6.

We first discuss ODMR spectra obtained by monitoring
the whole of the donor-acceptor recombination emission:
Here we simply use broad-band optical filters to pass the
green emission and to block scattered laser light and any
emission of wavelength greater than 600 nm (in this way,
we suppress troublesome ODMR signals from deep
centers, including the copper centers described in Ref. 26,
which are unrelated to the present study). A typical series
of ODMR spectra for different repetition periods T is
shown in Fig. 7. Here the magnetic field B is oriented
along a direction close to the ¢ axis (but not exactly along
¢, in order that the acceptor ODMR signal can be seen as
well as the donor signal).

When the delay time 7, is very long (cycle rates < 10°
Hz) the spectrum consists only of contributions from
pairs with large intrapair separation r, so that broadening
due to j-j coupling is very small. The width of the donor
magnetic resonance is then about 1.7 mT, as illustrated by
the lowest trace in Fig. 7. Following other authors,?® we
attribute this residual linewidth to the hyperfine interac-
tions of the donor electron with the nuclei of the host lat-
tice. At the slowest cycle rates, the acceptor line has a
residual width of about 2.0 mT and is somewhat asym-
metric, possibly as a result of strain broadening.

When the cycle rate is increased, a quite spectacular
broadening is observed for both the donor and acceptor
lines; see Fig. 7. The broadening corresponds to the in-
creased contributions from shorter-lived pairs, that is
pairs of smaller separation r, which have finite j-j cou-
pling interactions and which produce field splittings ac-
cording to Egs. (12).

For the donor line, this broadening decreases if (while
maintaining constant pulse cycle rate) we rotate the mag-
netic field to directions § well away from the ¢ axis, as
would be expected from Eq. (13). However, the broaden-
ing does not drop out proportionally to cosf but very
much faster. We attribute this anomaly to a breakdown
in the optical selection rules as 6 increases from zero.
Recombination from the sublevels that were nonradiative
at 6=0 now becomes less strongly forbidden. For pairs
with small intrapair separation, the recombination life-
times from all four sublevels then can become smaller
than the delay time ¢p in Fig. 6 and these pairs no longer
contribute to the ODMR spectrum. Since these pairs
have the larger values of j-j coupling, the ODMR signal
narrows. The angular dependence of the linewidth of the
acceptor resonance is also anomalous but is in any case
more difficult to study because the strain broadening of
this line increases rapidly with increasing 6.
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The maximum cycle rate in our experiments was ~ 100
kHz (the maximum operating frequency of the lock-in
detection). At this pulse rate, the ODMR spectra for B
parallel to the ¢ axis have extremely broad wings (see Fig.
7) corresponding to pairs with relatively small values of .
For these pairs, the Coulomb shifts in the emission energy
[Eq. (3)] are large. It is now possible to increase the
discrimination between pairs of different » (over and
above that provided by the time resolution) by restricting
the emission wavelengths that are being monitored. This
is achieved by interposing a monochromator between the
sample and the photomultiplier.

Figure 8 shows examples of ODMR spectra obtained in
this way with the monochromator wavelength A,, set at
different points in the high-energy side of the zero-
phonon emission band. Here we have placed B parallel to
¢ to eliminate the acceptor resonance (forbidden for this
orientation). As the monochromator wavelength A, is de-
creased from 516 nm, the donor resonance signal broadens
then splits into two components, as predicted by Eq. (12a).
The value of the splitting AB increases progressively as
A, decreases, but the high-field and low-field components
remain centered on the isolated-donor g value until the

128 kHz /\
64 kHz JL
32 kHz //L
)
16 kHz i
N
2 kHz J
A
A D
200 300 400
FIELD (mT)

FIG. 7. Time-resolved ODMR spectra obtained by monitor-
ing the whole of the CdS donor-acceptor recombination
luminescence, showing the exchange-induced broadening of the
donor and acceptor transitions D and A. The vertical axis
represents microwave-induced changes of luminescence intensity
in arbitrary units: The five spectra shown are normalized to the
same peak height. The emission is excited by 488 nm radiation
at 2 K; the microwave frequency is 8.7 GHz and the magnetic
field is at ~3° to the crystal c axis. The pulse sequence is that
of Fig. 6 with repetition rate 1/7 (Hz) as indicated above each
spectrum.
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FIG. 8. 8.7 GHz ODMR spectra obtained by monitoring
selected wavelengths within the CdS donor-acceptor recombina-
tion emission band, showing the exchange-induced splitting of
the donor ODMR transition. The arrow labeled D marks the
resonance field for an isolated donor. The emission is excited by
496 nm radiation at 2 K; the magnetic field is parallel to the ¢
axis. The pulse sequence is that of Fig. 6 with (1/T)=10° Hz.
The wavelengths indicated are the monochromator settings.

lower component, which corresponds to the transition
| -3, —3)— | +73,—3) in Fig. 5 reaches zero field.
[This component is then replaced by another transition,
between | +3,++) and | — 3, +3 ), which moves up in
field starting from zero, as can be visualized by imagining
the microwave quantum to become progressively smaller
in Fig. 5. If the field position of this second transition
is given a negative sign, Eq. (12a) describes the splitting
between it and the high-field transition
|+ +3) = =1 +7)]

As can be seen in Fig. 8, the two components become
progressively broader as the splitting increases. This is at-
tributed to the finite width of the zero-LO-phonon emis-
sion (see Sec. III), so that even with narrow monochroma-
tor slit width a range of pair separations r is observed.
For a first estimate of the splitting AB, we simply mea-
sure the positions of the peaks of the two components; a
correction procedure is discussed later. As AB gets larger,
the components become progressively more difficult to
observe both because of their increasing width and be-
cause the population of pairs of the corresponding spacing
gets smaller. Our experiments were limited to values of
AB just under 1.0 T by noise and baseline fluctuations.

A sharp central signal is also seen in Fig. 8, at the
donor resonance position. This signal broadens in turn as
the observation wavelength decreases, suggesting that it
corresponds to a donor-acceptor system of higher recom-
bination energy. We believe therefore that the line corre-
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sponds to centers shallower that those that give the main
emission bands, or to an excited state of one of these
centers. A high-energy luminescence series, appearing at
high cycle rates and shifting with the cycle rate, was ob-
served in the time-resolved emission spectra. (This series
is quite distinct from the well-known, free-
electron—bound-hole recombination emission.) It gives a
shoulder low down on the left of each LO-phonon band of
spectrum a in Fig. 2. It decays much faster than the
main bands so that, in the 10 Hz pulse-rate spectrum,
curve b of Fig. 2, it appears only as a faint high-energy
wing extending out ~10 meV from the main zero-LO-
phonon band. We believe that the sharp central ODMR
signal in Fig. 8 is associated with this higher-energy
series. We will not discuss the central ODMR signal fur-
ther since it does not affect the main results.

The values of AB obtained in these field-swept experi-
ments for different settings of A, are plotted in Fig. 9.
They can, in principle, be related directly to the value of
our separation parameter p by means of Eq. (3). However,
broadening of the two ODMR components, which results,
as mentioned above, from the finite width of the optical
transitions, is very asymmetric and causes a reduction in
the observed value of AB. (In fact, at the larger values of
A, no splitting would be resolved if it were not for the ac-
tion of the 100-kHz cycle rate in reducing the contribu-
tion of the extremely numerous distant pairs.) Large
corrections to the measured AB are necessary, particularly
for the smaller values. This is discussed in Appendix C,
where we describe a procedure for obtaining a corrected
splitting AB for each monochromator setting A,,. The
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FIG. 9. Measured values of the exchange-induced splitting
AB of the donor ODMR transition (log scaie). Open and solid
circles are uncorrected and corrected data, respectively, as ob-
tained by the field-swept method (see text and Fig. 8), plotted as
a function of the observation wavelength A,. Diamonds
represent data obtained by the wavelength-swept method (see
text and Fig. 10): the emission-wavelength dependence of the
ODMR signal peaks at the wavelength given in the abscissa
when the magnetic field is set AB/2 away from the center of the
donor resonance.
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corrected splitting is defined as follows: It is the hy-
pothetical splitting AB that would be observed if the emis-
sion spectrum from each pair were reduced to a 8 func-
tion at E . The corrections are applied to the data in
Fig. 9.

To complement the above measurements, results were
obtained by a second method (Fig. 10). Here, the magnet-
ic field was held constant at a particular setting AB/2
away from the position of the resonance due to isolated
donors. The monochromator was then scanned through
the emission spectrum in order to determine the depen-
dence on emission wavelength of those ODMR signals
with splitting AB. The experiment is not quite as
straightforward as this, however, because (as is frequent in
ODMR studies of semiconductors) our ODMR spectra
are superimposed on a nonresonant background signal,
representing microwave-induced changes in luminescence
intensity that do not result from magnetic resonance. To
correct for this background, a second monochromator
scan had to be made for a field setting well away from
any resonance. The data recorded during the second scan
were then subtracted from those recorded during the first
scan to give the correct dependence of the ODMR signal
on emission wavelength.
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FIG. 10. Emission-wavelength dependences of the donor
ODMR signal showing that the signal in the wings of the donor
line is associated with shorter emission wavelengths. The mag-
net is set at the resonance field for isolated donors in trace @ and
at field values AB/2=50, 100, and 200 mT away from this field
in traces b, ¢, and d, respectively. The vertical axis represents
ODMR signal intensity (arbitrary units, with gain settings ad-
justed to make the four traces of comparable height). The wave-
length at the peak of the zero-LO-phonon line gives the abscissa
and AB gives the ordinate for the diamond-shaped data points
in Fig. 9. The vertical line marks E , e =2.389 €V.

Examples of such emission dependences are shown in
Fig. 10 where it is seen that the emission associated with
pairs having a given value of exchange splitting AB shifts
to higher energy as AB increases.

The peak of the zero-LO-phonon band in these
wavelength-swept spectra gives the value of E for
pairs having exchange splitting AB, without any need for
correction, provided that AB is large compared with the
hyperfine-induced broadening of the ODMR transition
(1.7 mT). The minimum value of AB that can be studied
accurately in this way is therefore about 10 mT. The
largest value that can be studied is ~50 mT; this is be-
cause of signal-to-noise limitations (the number of pairs of
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FIG. 11. Logarithmic plot of the electron-hole exchange in-
teraction for a donor-acceptor pair in CdS (scale at left is
I'c— s splitting in zero-field, scale at right is field splitting of
the donor magnetic resonance). The data are that of Fig. 9 but
plotted here against a linear scale of donor-acceptor separation
distance p (only the corrected data are shown; the error bar on
the point at 507 nm represents possible error at small p due to a
nonzero 7,,, see text). The value of p for a given donor-acceptor
pair was deduced from the peak wavelength of its zero-phonon
emission (scale in nm at bottom) as described in the text, with
€=8.67 in Eq. (3). The straight line represents a fit of Eq. (23)
to the data points at p=5—10 nm; its slope corresponds to a
value ap=2.75 nm in Eq. (23). The curve corresponds to the
formula [Eq. (24)] of Thuselt and Unger (Ref. 35) with
a,/ap=0.25, also fitted to the data at p=5—10 nm. The bar
labeled Z at 4 =0.20 meV represents the Zeeman data of Henry
et al.! A horizontal line is drawn at the position representing
the free-exciton exchange splitting Ay =0.21 meV.
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separation corresponding to AB falls off as AB increases)
and because of increasing difficulty of achieving subtrac-
tion of the nonresonant background signal. The results
obtained are included in Fig. 9.

In Fig. 11 we plot log(AB) as a function of the donor-
acceptor separation p. Here we have translated the wave-
lengths A,, of Fig. 9 into a scale of distances p using the
Coulomb law with hc(1/A, —1/A peax) replacing the
quantity (E —E )=(E ek —E, peax) In Eq. (3). We re-
call that our estimate of A, e, based on measurements
of radiative recombination rate W, was 518.9+0.1 nm. In
Fig. 11 we have used A pex=518.83 nm, in the lower
part of the error range, for reasons explained in Sec. VI.

As noted earlier, the radiative lifetimes of the pairs ob-
served in these ODMR experiments at 100-kHz cycle rate
will be of order 10~° s or smaller. On the other hand, in
the time-resolved luminescence studies at 100-kHz to 1-
Hz cycle rates, pairs with lifetimes from ~1073 up to ~1
s were studied. Thus, the distances p involved in the AB
measurements are shorter than those involved in the ex-
trapolation procedure used in Sec. III to determine
A peak- This means that the distance scale in Fig. 11
ought to be fairly insensitive to possible error in A, pesy.
One other aspect of the analysis should be questioned at
this point, namely the reliability of the Coulomb law [Eq.
(3)] as a means of determining p at short distance). Stud-
ies of recombining pair systems in other crystals show,
however, that the Coulomb term is the dominant
distance-dependent term for values of r down to at least
ap. Comparing with data for donor-acceptor pairs in
ZnSe,®3 a crystal with properties similar to those of
CdS, we estimate that the non-Coulomb terms are only
about 3% of the Coulomb energy at the lowest data coor-
dinate in Fig. 11, p=2.9 nm. Thus we believe that our
distance scale is quite accurate. (More precisely, the hor-
izontal scale in Fig. 11 is a scale of €p and would have to
be adjusted if a better estimate of € became available.)

VI. DISCUSSION

In discussing the exchange interaction, the simplest ap-
proach (and indeed the only one readily available) is to use
a Heitler-London description. The following development
follows closely descriptions of exchange in the free exciton
given by Elliot*' and Fishman.*

We take the donor-acceptor wave function ¥ to be an

|
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Note that, as compared to Elliot’s treatment of the free ex-
citon,! the only additional level of approximation we
have introduced is the assumption that the acceptor en-
velope function varies only slowly over the volume of the
unit cell (the donor envelope function has dimensions
similar to those of the exciton envelope function).
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antisymmetrized product of an electronic wave function
V), and a hole wave function ¥ 4:

W(r,r) = [Pp(r))P ()], (15)

where . is the antisymmetrization operator and r,,r, are
the coordinates of the two particles.

In effective mass theory, ¥p(r)=®p(r)u.(r) and
¥, (r)=® 4(r)u,(r), where ®p,P, are normalized en-
velope functions of appropriate radii centered at the donor
and acceptor sites respectively, . is a conduction-band
electronic wave function at k=0 and u, is a valence-band
hole wave function at k=0.

Owing to the antisymmetrization, there will exist an ex-
change integral of the electron-hole Coulomb interaction
of the form

e?

& — f \IID(rl)‘I’A(rZ)m

X W ()W (r)d3r dr, . (16)
In the absence of spin-orbit coupling and given the three-
fold degeneracy of u,, the 2 X 6 states of form (15) would
group into three degenerate spin singlets and three degen-
erate spin triplets with separation A=2&. The effect of
(16) could be represented by an equivalent operator (acting
on the singlet and triplet spin functions) of form
H =A/4—As,-s,. As mentioned already, however, for
shallow pairs in zinc-blende or wurtzite semiconductors
where spin-orbit coupling for the hole is much stronger
than the exchange interaction, it is more appropriate to
use a j,==, s,=7 basis in which the effect of (16) is
represented by

& 28

=3 ——TJ,,-se . (17)
Thus, our parameter a in Eqgs. (1) and (10) is equivalent to
—2& /3. [In the exciton literature, the operator (17) is
often written as #'=A¢g+AJ-0 with Ay=—3A,/2
=& /2 and where 0 =2s, is a Pauli spin operator.]

Using the translational-symmetry properties of the
Bloch functions and given that the envelope functions
@, (r) and P 4(r) vary only slowly over the volume Q of a
unit cell, and assuming that the interaction is negligible
unless the electron and hole are on the same or nearest-
neighbor atoms,*!"*? one can rewrite Eq. (16) as

e2

ul(ru)(r)d%r dr, . (18)

Since u.(r) and u,(r) are normalized to the unit cell,
the second integral in Eq. (18) is of the form &,0?, where
& is a constant determined by the band-extrema wave
functions. This constant is a molecularlike exchange in-
tegral, and is therefore expected to have a magnitude of
the order of several electron volts. We can now write Eq.
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(18) in the form

&=UO%,, (19)
where the factor

U= [ |®p(0)|? | 4(r)|2dv (20)

is the overlap integral of the squares of the envelope func-
tions. The quantity UQ in (19) is the probability of find-
ing the electron and the hole in the same unit cell and is a
very small number for envelope functions of large radius,
even at small intrapair separations. Thus & is several or-
ders of magnitude smaller than the “molecular” exchange
energy & .

Before proceeding, we note that application of similar
arguments to the case of the free exciton®""*? gives for the
(“short-range”) exchange integral of the exciton

Ex=|F(0)|’Q&,, (21)

where F(r, —r) is the function which describes the rela-
tive motion of the electron and the hole.

We now examine the way in which the overlap integral
U depends on the donor-acceptor separation. In CdS the
acceptor radius is small compared with that of the donor
[taking the ratio of the averaged effective masses (Appen-
dix A) gives my/m,~6, leading to a,/ap~0.17]. The
amplitude of the donor envelope function is therefore
roughly constant over the region occupied by the hole, so
that | ®p(r)|? can be taken outside the integral in Eq.
(20). The quantity U now becomes

U=—rexp(—2p/ap), (22)
map

where we have used the hydrogenic form for ®p(r) and
where we have used the effective separation p as discussed
in Appendix A.

The exchange splitting parameter 4 =—3a/2=¥&
should therefore vary as

A =Agexp(—2p/ap) , (23)

where Ag=Q0&/map.

We thus expect a plot of logo(A4) against p to be a
straight line of slope —2logo(e)/ap. As shown in Fig.
11, this prediction is satisfied by our data over a large
range of values of p. The straight line drawn in Fig. 11
gives an excellent fit to the data points in the range 5—9
nm, during which A changes by a factor of about 30. The
slope of this line corresponds to ap=2.75 nm, a value
consistent with the value of ap =2.55+0.3 nm that we de-
rived from our measurements of radiative recombination
rate W, see Sec. III. (We could have fitted the p depen-
dence of W with the value ap=2.75 nm by choosing
A peak=1518.83 nm; thus, to maintain consistency, we
have taken A c,x=518.83 nm in drawing Fig. 11, even
though Fig. 11 is fairly insensitive to the exact value of
this parameter.)

Of course, Eq. (23) above and Eq. (5) used in Sec. III to
deduce ap (and to give the parameter A pe,x On which
our distance scale is based) are not independent: they
make the same assumptions about the wave functions.
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However, as noted near the end of Sec. V, the range of p
covered in the two studies is different. It is thus very
satisfying to find that the prediction that both 4 and W
should vary as exp(—2p/ap) gives excellent agreement
with our data for values of p from about 2ap to about
9ap, during which the exponential changes by about 6 or-
ders of magnitude. This is summarized in Fig. 12 which
combines Fig. 3 and Fig. 11 (using A, e, =>518.83 nm).
It is perhaps one of the best demonstrations ever obtained
that the tail of a donor wave function can be represented
by a single exponential out to very large distances.

We now consider the situation at small values of p. In
the limit of vanishingly small p, the donor and acceptor
core charges cancel and the electron-hole pair transforms
into an exciton. Thus we expect a property like the
donor-acceptor exchange interaction to tend towards the
equivalent property for an exciton as p approaches the
limit p=0.

For the free A exciton, as for the donor-acceptor pair,
the I'y hole and the I'; electron couple to give two dou-
blets of symmetry I'q and I's. These are split by the
short-range exchange interaction As,-s, by an amount
Ax=A/2. A longitudinal-transverse splitting occurs for
the I's doublet giving states I'sy and I's;. According to
Fishman and co-workers,™*>~3 for a Wannier (i.e., large
radius) exciton this does not alter the energy separation
between the I'sy and the I'¢ levels: the experimentally ob-
servable energy difference E(I'¢—TI's7) should thus be al-
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FIG. 12. A composite diagram obtained by overlaying Fig.
11 (redrawn for A pex=3518.83 nm) onto Fig. 3 and adjusting
the vertical positions until the two sets of data match. Donor-
acceptor separations are given in nm for e=8.67 (top scale) and
in units of ap for ap=2.75 nm (bottom scale). The diagram
shows that measurements of exchange interactions A4 (upper
left) and of radiative decay constants W (< 1/7T, where 1/T is
scale at right) fit a description in which the tail of the donor
wave function is represented by a single exponential over six de-
cades of electron density. The straight line is drawn with a
slope which corresponds to ap=2.75 nm if €=8.67.
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most identical with the short-range exchange splitting Ay
This therefore is the appropriate energy to compare with
the ['¢-T'5 splitting for donor-acceptor pairs. The I'¢-T's7
energy difference for free excitons has been deduced by
two different methods, giving 0.23+0.07 meV (Ref. 5) and
0.20+0.03 meV (Ref. 4), respectively. We have therefore
taken a value of 0.21 meV for 4y and we have marked
this value as a horizontal line drawn across Fig. 11.

Also represented in Fig. 11 is the value of 4 measured
by Henry et al. in their optical studies of the strongest
resolved emission lines corresponding to donor-acceptor
pairs of very small intrapair separation. A subsequent
study'® on CdS crystals doped with lithium isotopes estab-
lished that the acceptor involved was lithium. Since the
common donors in CdS are close to hydrogenic, the data
of Henry et al.! can be compared to our own data on
donor-lithium acceptor pairs. Unfortunately, Henry
et al. could not determine the pair separations involved in
their spectrum (because it is extremely difficult to assign
pair lines to definite shells of sites in a noncubic crystal).
Application of the Coulomb law [Eq. (3)] with our esti-
mate of E_,=2.393 eV (not E ,..) gives 1.3—1.5 nm
but very large non-Coulomb terms will exist at such short
distances. Henry et al. suggested that the true distances
were about 1.0 nm. By making a comparison with the
more recent data on non-Coulomb terms for donor-
acceptor pairs in ZnSe,**° we estimate an upper limit of
1.2 nm for the value of p for the pairs of Henry et al., but
we can set no obvious lower limit. We represent the data
of Henry et al. by a horizontal error bar ranging from
p=12 nm down to a somewhat arbitrary lower limit of
0.6 nm (the distance from the Cd site to the second main
shell of Cd neighbors). Note that the value of 4=0.2
meV obtained by Henry et al. is virtually the same as the
estimated free-exciton limit.

The straight line which passes through our data points
for large p extrapolates to a value 4,=0.85 meV, which
is much greater than the free-exciton value. Thus, it is
clear that the exponential dependence [Eq. (23)] must
break down as p decreases. Our experimental data at the
smaller values of p are indeed beginning to break away
from the straight line (see Fig. 11). It is also clear that the
data point of Henry et al. lies very far below this line.

In fact, our upper data points in Fig. 11 appear to be
curving downwards too quickly to extrapolate to the point
of Henry et al. and to the value of A4, at p=0. Unfor-
tunately, our data are less reliable in this interesting re-
gion, since the values of AB at small p may need addition-
al upwards correction. The reason for this is that the
“nonradiative” lifetimes 7, (lifetime of the states with
parallel effective spins in Figs. 4 and 5) may become
smaller than ?; (the delay time to observation in Fig. 6)
for the pairs with small p, in which case these pairs would
no longer be detected efficiently. Nevertheless (see Ap-
pendix C), this effect can explain only part of the devia-
tion of our points from the straight line in Fig. 11. We
therefore conclude that the deviation is not a consequence
of incorrect analysis of the experimental spectra but that
it is real.

We first investigate whether the breakdown of the sim-
ple exponential law [Eq. (22)] corresponds to the approxi-
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mation we made in replacing the overlap integral of Eq.
(20) by a single exponential involving only ap, an approxi-
mation which neglects entirely the spatial extent of the ac-
ceptor wave function. The integral of Eq. (20) has an ex-
act analytical form for the case of two spherical exponen-
tial functions of radii ap and a4. This was noted by
Thuselt and Unger®® in the only paper that considers im-
provements to the simple exponential expression for the
distance dependence of the donor-acceptor exchange in-
teraction. The expression of Thuselt and Unger (adapted
from an equation due to Bindemann®®) leads to

Ao e
A :m{e B[(az—Bz)ar—4al3]

+e~(a®—B*)Br —4aBl} , (24)

where a=2/ap, B=2/a4, and the value of 4 at r=0 is
given by

1

Ayg=———
0 1T(aD+0A)3

£old . (25)

As already noted by Thuselt and Unger,*> 4, in (25) is
identical to that predicted by effective-mass theory for the
exciton, since | F(0)|? in Eq. (21) is 7~ 'ax* and the ex-
citon radius ay =ap +a .

Application of Eq. (24) to pairs in CdS is difficult,
however, because both wave functions are ellipsoidal. In
particular, the hole mass is reported to be very anisotro-
pic, with m, perhaps several times larger than m,
which is about (0.6—0.7)m,.>” This is expected to make
the acceptor wave function quite anisotropic, and this will
make A anisotropic (even in p space). To deduce the
maximum error induced by the exponential approxima-
tion, we shall assume a spherical envelope function for the
acceptor having radius a,4=0.67 nm, corresponding to
the smaller principal value m;, taken to be 0.68my.
Equation (24) (with p replacing r) is then fitted to the
data points at large p where, on the plot of log( A) against
p, it gives a straight line. The departure of the Thuselt-
Unger formula from the straight line predicted by the
simple theory is apparent as p decreases (see Fig. 11), but
does not become very large until values of p of the order
of the acceptor radius are reached, much too late for the
curve to meet the axis p=0 at the exciton value Ay.

We note in passing that the formula of Thuselt and
Unger can be fitted rather well to our data at large p, to
the data of Henry et al.! at small p, and to the exciton
value Ay if one assumes a spherical acceptor envelope
function with a,~0.4a,. However, this seems an un-
reasonably large value for the acceptor radius, and we
therefore consider that allowance for the finite extent of
the acceptor wave function cannot explain the very strong
deviation of A from an exponential law at small p. Also,
the absence of any marked anisotropy in 4 noted by Hen-
ry et al.! in their study of pairs having very small p im-
plies that the shape of the acceptor wave function cannot
be having any strong effect on the value of A4.

We next note that the data of Fig. 11 could be ex-
plained if we assumed that the donor envelope function is
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not a simple exponential but consists, for example, of two
exponentials, with an effective Bohr radius greater than
2.75 nm at p <5 nm transforming to the value ap=2.75
at p=>35 nm. Such an unorthodox form for the wave func-
tion seems improbable, however, because there is no obvi-
ous mechanism that could cause the wave function to
drop off more rapidly at large distance. Moreover, as not-
ed earlier, the “outer” radius of 2.75 nm is close to the
value predicted by effective mass theory, and this is the
value one would expect in the inner region p<5 nm,
which contains most of the electron density.

Thus, we conclude that the strong deviation of the data
from a simple exponential law, which is much larger than
one would expect on the basis of the Thuselt-Unger for-
mula, results more probably from some failing in the
Heitler-London procedure leading to Egs. (18)—(20) and
(24). This procedure, representing the electron-hole wave
function by an antisymmetrized product of unperturbed
donor and acceptor wave functions [Eq. (15)], clearly can-
not be correct at small separations. Improved product
wave functions, including those in which, for example
ap,a 4 are variational parameters, have been developed for
calculating the optical transition energy, but unfortunately
only for pairs in cubic crystals (GaP,ZnSe),*® not in CdS.
In any case, it is not obvious that an improved product
wave function would help. As noted earlier, Eq. (24),
based on a simple, unperturbed product wave function
that must be quite wrong at =0, gives (for reasons that
are obscure) a value for A4 (r=0) that is identical to that
predicted by the correct effective-mass theory of the exci-
ton. Thus, in Fig. 11, we might equally well have fitted
the short-dashed curve to Ay at p=0, in which case it
would have given values of 4 much too small at large p.
In other words, since we have no way of estimating &,
we cannot say whether the value of A4 predicted by a
product—wave-function description is most in error at
small p or at large p.

In fact, since the exchange interaction could be very
sensitive to the fine details of the wave function in the
overlap region, an accurate theory of this interaction will
probably need more sophisticated wave functions. For the
similar problem of calculating radiative recombination
rates, several authors have pointed out the importance of
the electron-hole correlation. Wave functions that include
a fully correlated ‘“exciton-like” component W(r,—r})
have been proposed for this purpose®® but, again, only cu-
bic crystals have been treated. Thus, in conclusion, we
emphasize that further development of this kind of
theory, including treatment of the effects of crystal aniso-
tropy, would be very useful for understanding the detailed
behavior of the distance dependence of the donor-acceptor
exchange interaction.

VII. CONCLUSIONS

The results described in this paper give the first experi-
mental determination of the way in Which the electron-
hole exchange interaction for a donor-acceptor pair varies
with the intrapair separation. For effective separations p
between ~2ap and ~4ap, the exchange splitting A is
found to vary according to Agexp(—2p/ap), with
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ap=2.75 nm. This value of ap is consistent with the
value ap=2.55+0.3 nm that fits the p dependence of the
radiative decay constant W as determined from the time-
resolved luminescence spectroscopy of pairs with values of
p between ~Sap and ~9ap. Thus the assumption of a
simple hydrogenic envelope wave function for the donors
is found to be valid for values of p from 2ap to 9ap, a
range in which the probability function decays by 6 orders
of magnitude (Fig. 12). We believe this to be the most ac-
curate determination of the behavior of a donor envelope
function yet obtained for distances greater than the Bohr
radius. It should be noted also that the values for ap ob-
tained in this work are close to the value of 2.39 nm
predicted by effective mass theory.

The value of 4;,=0.85 meV obtained by extrapolating
the exponential expression to zero separation is much
greater than the experimentally determined value Ay
(=0.21 meV) for the exchange interaction in the free exci-
ton.*> Since the trapped electron-hole pair must
transform to an exciton as p—0, this implies that the ex-
ponential formula for 4 must break down at small separa-
tions. Such a breakdown is predicted by the formula of
Thuselt and Unger,* but Fig. 11 shows that it occurs at
values of p that are larger than expected. The currently
available theories do not appear to account simultaneously
for the value of Ay and for the values of the exchange
splitting measured for donor-acceptor pairs in the present
investigation. Our results therefore point to the need for
improved theories for the exchange interaction between a
donor and an acceptor separated by a distance r, and in
particular at values of r so small that the electron-hole
pair begins to approximate to an exciton. It is hoped that
the present data will provide a stimulus for the develop-
ment of such theories.
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APPENDIX A: EFFECTS OF CRYSTAL ANISOTROPY

It can be seen from Eq. (2) that there is not a unique
correspondence between the zero-phonon energy hv and
the true intrapair separation r: the correspondence is in
fact between Av and the quantity

€or =(€,€,5in’0 + €1 cos’0) *r

so that a given emission wavelength can correspond to a
range of values of r according to the different values of 6.
We now show that this need not have any serious conse-
quences in our work.

When considering a crystal of hexagonal symmetry,
several authors have made use of a coordinate transforma-
tion that renders the Coulomb interaction isotropic,
e.g.'®3" If the donor-acceptor separation in real space is
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defined by coordinates x,y,z (with z axis along the ¢ axis),
new coordinates X, Y, and Z are defined such that X =x,
Y =y, and Z =(¢€,/€;)""*z. The Coulomb term in Eq.
(2) now becomes e2/(4meey), where e=(€€,)!/? and
p*=X24+Y?4+Z% There is thus a unique correspondence
between the emission wavelength A and the new coordi-
nate p [at least for the range of distances where Eq. (2) is
valid].

To proceed further, we need to examine the wave func-
tion of a donor electron in an anisotropic medium. The
time-independent Schrodinger equation for the donor has
the form

ﬁ2
- Zml

A

#  9? e?
ax2 T dy? 822

- 2m 9z? T Armegeyr

¢=E¢' ’

where € is anisotropic and where m | and m refer to the
electron. In the-new coordinate scheme, the equation be-
comes

R S S v=E (A1)
2m 4mreep K ’
where
€
e=(e,)1? =2 L (A2)
m 3m1 3mHe||
# |1 | 3 9’ 3?
H == - , A3)
2m |2 8X2+8Y2 az? (
and
m,€,—m,€
— (Ad)

I .
m”6”+~2—ml€l

If n=0, Eq. (A1) represents a hydrogenic problem, for
which the ground-state envelope wave function has the
form

(map)~%exp(—p/ap) ,

where
=4 2 2
ap =4meeph”/me* .

From magneto-optical studies of the excited states of shal-
low chlorine donors in CdS, Henry and Nassau® found
values of m, ;=0.180m, and m,; =0.190m, for donor
electrons. The measured low-temperature values'® of
(€),€,) are, from infrared reflectivity'® (8.92,8.42), from
Raman spectroscopy (9.12,8.45) (Ref. 41), and from elec-
trical measurements (9.53,9.02) (Ref. 42) and (9.00,8.37)
(Ref. 43). The anisotropy in €y is therefore in the opposite
sense to that of the effective mass, so that the parameter n
is small, being less than 0.1. For example, Henry and
Nassau® found that the quantity a, defined as
1—(me /m€)), is equal to 0.050+0.005, so that
71=0.033. The operator %" may therefore be regarded
as a very weak perturbation. We conclude that a radial
dependence of the form exp(—p/ap) is a good representa-
tion of the donor envelope function, which is therefore of
spherical symmetry in p space. This conclusion is also
justified by our experimental results.
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As discussed in the text, the use of a donor envelope
function of this form leads, for large intrapair separations,
to recombination rates and exchange splittings of the
form W =W exp(—2p/ap) and A =Aqexp(—2p/ap),
respectively. There is thus a one-to-one correspondence
between A (or W) and p, and hence between 4 (or W) and
the optical emission energy, even in the presence of an an-
isotropic dielectric constant.

The effective mass m, for electrons used in the text is
found from Egs. (A2) and the data of Henry and Nassau®
to be m,=0.192m,. The corresponding value for holes is
found to be m,=12m,, where we have used
my,=5.0m, and m;; =0.68m,.>” Because the effective
mass for holes is very anisotropic, the factor 7 is large in
Eq. (A1) if it is applied to the case of the acceptor, and
the acceptor envelope function cannot then be expected to
be spherical in p space.

APPENDIX B: FURTHER ANALYSIS
OF THE TIME-RESOLVED LUMINESCENCE

The purpose of the time-resolved luminescence spec-
troscopy (Sec. III) was twofold. First, to establish a value
of E_ and, second, to estimate ap. In this appendix, we
give an approximate theory of the form of the emission
spectrum to be obtained for the pulsed-detection scheme
of Fig. 1, taking into account the finite width of the zero-
LO-phonon line and allowing for the effect of the distri-
bution of pair separations. We approximate the pulse se-
quence of Fig. 1 by an idealized sequence with a very nar-
row laser pulse of width & at time t=0 and very narrow
detection gates at 1;~0.5T and t,~T, where T is the re-
petition period.

We consider pairs of separation p and recombination
rate constant W (=1/7). Suppose that at the end of the
laser pulse the intensity from such pairs is I,. The detect-
ed signal is the difference between the luminescence inten-
sities at 7; and ¢,:

y=10(e—0.5WT_e—WT) . (B1)

During each laser pulse the luminescence intensity is re-
stored to its original value I,. Now Iy« Wn*(8) where
n*(8) is the number of pairs excited at the end of the
laser pulse (¢ =8). For low laser power (unsaturated case)

n*(8)=cd+n*0), (B2)

where ¢ is the excitation rate (number of excited states
created per unit time) and »*(0) is the number already ex-
cited just before the laser pulse. (It is the latter term
whose importance has been emphasized by Dunstan and
coworkers:?>2!  This is the background concentration
built up by the repetition of the pulse sequence.) Writing

n*(0)=n*(8) "7, we deduce
n*(8)=cd/(1—e="T) . (B3)

With 8 a fixed fraction of T (independent of the cycle
rate), i.e.,, 8=fT, we have Iy «<cfTW /(1—e~"T). Com-
bination with Eq. (B1) gives

Fp)<clplye™/(1+e™?), (B4)
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where we have substituted y =0.5W7. We shall assume
the simplest possible expression for the excitation rate
¢(p), namely that it is of the form kn(p), where k is a
constant depending on the laser power [although a form
c(p) = n¥(p) is also plausible, see below].

In the above, we assume a very low relative concentra-
tion of excited pairs (no saturation) which ought to be ap-
propriate to our experiments where we excited below the
band gap and where we reduced the laser power by 1000
on going from 100 kHz to 1 Hz pulse rate. On the other
hand, if laser power high enough to saturate all pairs were
used, then n*(p)=n(p) and the signal would be

[Z(p) e n (p)(1/T)pe H(1—e ™) . (BS)

Compared to Eq. (B4), this gives a response function
weighted towards somewhat shorter lifetimes.

To calculate the spectrum, we integrate . (p) in (B4) or
(B5) over all values of p for various settings A of the
monochromator. In this calculation, we assume
W =Wjyexp(—2p/ap), where W, and ap are parameters
to be adjusted to fit experiment (the simple exponential
law ought to be valid for the large distances involved in
the luminescence study). We take a very simple form for
n(p), namely n(p)<4mp®. This is the correct statistical
form at small p (the true distribution of course flattens at
SOMe P ~Pmean~ 1/N'/3, but it is only at small p that the
shape of the population distribution has any marked ef-
fect). Finally, to allow for the finite width of the zero-
LO-phonon line (the TO-phonon broadening of Moroz
et al.'%), we approximate the shape of the line by a
Gaussian curve & of full width at half height AE=0.010
eV. We take the origin of energy at E . SO that the
Gaussian curve & (E,p) for pairs of separation p is cen-
tered at e’/4meeqp.

With the monochromator set at E,, (=hc/A,,), the
detected signal is

FEn)= [" S 01 Eppldp . (B6)

Equation (B6) was integrated numerically for a range of
values of E,, to give the shape of the emission band. The
procedure was repeated for various values of T and the
peak energies (Ep e —E  peax) Of the calculated bands
were extracted. The results of this calculation, when plot-
ted as a graph of log(1/7) against (E . —E mk)_l,
gave a straight line at large values of p. Therefore, the
theoretically calculated graph was fitted to the measured
values of (Epeax —E , peax)” " from our time-resolved spec-
tra at low cycle rates (with E_ ., chosen to make the
data points lie on a straight line). The fitted curve for the
case of no optical saturation is shown in Fig. 3 and corre-
sponds to a value of W,=2.0x10%s~1.

The calculated graphs curve upwards at small p on the
log(1/T) plot, essentially because there are very few pairs
with small p. However, it is seen from Fig. 3 that the de-
viation of the data points from a straight line begins to be-
come significant at lower cycle rates than expected from
our theory.

The theoretical graph can be made to curve upwards at
lower cycle rates by assuming that the creation rate c(p)
in Eq. (B4) is proportional to n%(p): this might be a more
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appropriate form for ¢ (p) since, even for the present case
of below band gap excitation, creation of a hole at the ac-
ceptor and of an electron at the donor could be uncorrelat-
ed events. The resulting graph (not shown in Fig. 3) has
more curvature in the region of the upper data points, but
this curvature is still insufficient to fit the points.

We believe that the anomalous deviation of our data
from a straight line plot is, in fact, due to the effect of the
donor-acceptor exchange interaction. The deviation be-
gins to become apparent at values of p of about 4ap to
Sap, and at this separation the exchange splitting is about
10~7 eV (see Fig. 12) and is becoming greater than the hy-
perfine interactions between the donor electron and the
Cd nuclei.® For larger p values, the I's doublet (radiative)
and I’y doublet (nonradiative) would be mixed by the hy-
perfine interactions, averaging W, and W,, (see notation
of Appendix C) to give a value (W, +W,,)/2~W, /2 for
each of the four states. The vertical position of the
straight line that fits the data for large p would then cor-
respond to a rate constant of W,/2. For p smaller than
about 4aj, the exchange interaction becomes sufficiently
strong to produce well-defined I's and Iy states. The
time-resolved luminescence experiment would then mea-
sure a rate constant which tended towards W, and the
points would be expected to deviate upwards as is indeed
observed in Fig. 3. The graph should eventually run
parallel to the calculated curve in Fig. 3 but at a distance
logo(2) higher; however, such behavior lies beyond the
range of our measurements.

APPENDIX C: CORRECTIONS TO THE ODMR DATA

In the ODMR experiments described in Sec. V, a mono-
chromator was used to select a narrow range of intrapair
separations. However, the resolution obtained in this way
is limited by the width A~0.01 eV of the zero-phonon
emission of a donor-acceptor pair in CdS. In this Appen-
dix, we examine the effect of the optical line broadening
on the shape of the wavelength selected field-swept
ODMR spectra.

As in Appendix B, we take the zero of energy at
E , peak> SO that the optical emission band from pairs of
separation p peaks at Epe,,k-—-ez/ (4meeqp). In the present
analysis, to get a good simulation of the ODMR line
shape, we have found it necessary to use the true, asym-
metric shape # (E —E ., ) of the optical band instead of
the Gaussian form Y (E —E.,) used in Appendix B.
Then with the monochromator set to energy E,,, pairs in
a range of separations dp at p will give an ODMR signal
intensity

SF(pldp=R(p)B(E,, —Epear)dp , (C1)

where Z(p) is the ODMR response function (see below).

In the field-swept ODMR spectrum, these pairs will
give a pair of lines at field displaced from the isolated-
donor signal by +4 /gﬁ B, where A is the exchange in-
teraction for this value of p. Then if we assume (at least
initially) that 4 «<exp(—2p/ap), the shape of the field-
swept ODMR spectrum is given by

O(AVdA « RB(p) B (E,py —Epeaie(1/4)d A (C2)
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where @(A)dA is the total ODMR signal in a range d4 at
A.

If the width AE of the optical emission profile were re-
duced to zero, the ODMR spectrum would consist of two
sharp lines separated in field by AB =24 /gﬁB (for the
donor resonance with B parallel to the ¢ axis) and it
would be possible to obtain the relation between 4 and p
directly. Because AE=40, the lines are broadened and
skewed towards smaller splittings. From Eq. (C2), how-
ever, we can estimate the extent of these effects.

To obtain the ODMR response function Z#, we shall as-
sume that the pairs in states | ++,75) in Fig. 4 radiate
strongly with a decay constant

W, (=77 ")=W,(0)exp(—2p/ap)
and that those in states | 3,+ 3 ) have a decay constant
W ( =7'i_1—r1 )=W,,(0)exp(—2p/ap) ,

where W,,(0) << W,(0). We can thus write W,,=W, /v,
where v is a number independent of p.

In order to make calculation of the response function
tractable, approximations have to be made that depend on
the values of W, or W,, relative to the repetition frequen-
cy (1/T) of the pulse sequence. We shall consider two
separate conditions, appropriate to large and small values
of p, respectively, namely (a) W,, T <<1 with W, T ~1 or
greater and (b) W, T >>1 (with no condition on W, T).

Under the first condition, W, T << 1, the number of
pairs n,, in nonradiative states does not change signifi-
cantly during the cycle. When microwave power is ap-
plied at resonance, pairs are transferred from the nonradi-
ative states to the radiative states at a rate proportional to
the current value of n,,. (With W,, << W, then n,, >>n
and the value of n is immaterial; we are assuming here
that the microwave power available, 10 W into a cavity
having Q ~3000 and with signal-enhancing field modula-
tion applied, is too low to saturate the microwave transi-
tion.) The number of pairs transferred is taken to be pro-
portional to the microwave power u, to n,,. and to the
duration 6 of the microwave pulse. The transferred pairs
now radiate (with decay constant W,) and contribute an
additional amount to the luminescence. Determining the
difference in light output between the alternate detector
gate periods in Fig. 6 (and neglecting the effects of a mi-
crowave pulse in one cycle on the light output in later cy-
cles, which effects are small provided W,T ~ 1 or greater),
we find that the ODMR signal from pairs of given p is
proportional to

Rp)=pnto |1— 1")‘:_ (©3)

where x =W, 6, with §=10"°s in our experiments.

If W,, T << 1, the number of nonradiative pairs that de-
cay in one cycle is simply the number that are transferred
to radiative states per cycle, namely un,,6. This number
must equal the number of pairs excited to nonradiative
states by the laser per cycle. Thus we can replace un,.8 in
(C3) by a factor proportional to the creation rate c,,(p)
where (cf. Appendix B) we take this rate to be proportion-
al to n(p).

R. T. COX AND J. J. DAVIES 34

Substituting the response function (C3) into Eq. (C2),
we have calculated the expected shapes of the ODMR
spectra for the different values of the monochromator en-
ergy E,, used in the experiments. The optical band shape
HB(E —E ) was taken from a time-resolved lumines-
cence spectrum at long delay time (curve b of Fig. 2). We
have also calculated the corresponding ODMR spectra for
the hypothetical case of a very narrow optical line (cen-
tered at E, ). Comparison of the two cases gives the
correction factor defined in Sec. V, that is the factor by
which we multiply the apparent field splitting (measured
between the two ODMR peaks) to get the true value of
AB for pairs having E .. =E,,.

To begin these calculations, we injected the value of
ap=2.55 nm given by the time-resolved luminescence
study. As noted in Sec. VI, the resultant corrected values
of AB fit ap=2.75 nm (at p>5 nm). Therefore, the
correction procedure was recycled using the latter value,
but this made only marginal changes on the logarithmic
scale of Fig. 11. For the larger values of E,, (smaller
values of A,,) the results are not very sensitive to the exact
value of the parameter W,(0). For A,, >514 nm, howev-
er, the corrections become very large (exceeding a factor
of 2) and unduly sensitive to the large uncertainty in
W,(0). Therefore, we have retained only the results for
A, <514 nm from the data obtained by the field-swept
method. For A,, > 514 nm, reliable data is available from
the wavelength-swept method (see Sec. V). The correction
procedure outlined above raises the values of AB mea-
sured by the field-swept method, making them consistent
with those obtained by the wavelength-swept method, see
Fig. 9. We took W,(0)=3x10%s~!, which gave the best
match between the two sets of data. This value is com-
parable to the value W,(0)~2W,=4x10%s~!, where W,
is the rate constant measured in the time-resolved
luminescence experiments at large p where W, and W,
are averaged (see the discussion at the end of Appendix
B); the difference lies within the sum of the very large ex-
perimental errors associated with the two estimates of
W,.(0).

Confidence in the procedure used here is enhanced by
the fact that our simulated spectra reproduce reasonably
well the large ODMR linewidths observed experimentally,
which increase in absolute value as the field splitting AB
gets larger (see Fig. 8). We have further checked the
correction procedure by introducing an artificial optical
line broadening in the experiment by opening the mono-
chromator slits. This is observed to decrease the field-
separation between the peaks in the ODMR spectrum in a
manner consistent with that predicted by the correction
procedure.

The correction factors calculated by the above pro-
cedure are used in Figs. 9 and 11. For the smaller separa-
tions, the validity of the assumption that W,, T << 1 needs
to be checked. With W,(0)=3x10® s~!, the value of
W,Tis ~1 at p=4ap, increasing to ~50 at p=2ay. For
W, T to be <<1 over this range would require that the
ratio v =W,/W,, be greater than 100, which is not un-
reasonable. If v were much smaller than this, the correc-
tion factor based on Eq. (C3) could be inaccurate at
p~2ap, but by then the calculated correction has become
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very small.

For the closest pairs (p~1.5ap), the condition
W, ty << 1 is quite likely not satisfied, that is, not only
the radiative states but also the nonradiative states may
decay substantially during the delay time z; ~107¢ s be-
tween the end of the laser pulse and the opening of the
detector gate (see Fig. 6). However, the radiative rate con-
stant is now such that W,T >>1. This is condition (b)
mentioned earlier in this Appendix. It is now possible to
obtain a different ODMR response function (with no re-
striction on W, T or on W,,t;) of the form

- Wnrtd( 1 _e_Wnra)

B(p)=pc (p)5o | £ e , (C4)

1—e

where § is the laser pulse width.

We have considered the effect of the response function
(C4) for the monochromator set at 507 nm, that is for the
data point at the smallest value of p in Figs. 9 and 11, for
various values of v =W, /W,,. We find that with values
of v> S5, the maximum correction factor to be applied to
the observed AB at 507 nm is 1.3. This is indicated by an
error bar in Fig. 11. A correction of this kind, compen-
sating for the fact that the cycle rate of the ODMR exper-
iment could be too slow for efficient detection of pairs
with very small p, would improve the consistency of our
data with the data point of Henry et al. and with the free
exciton value (see Fig. 11). However, to raise our data
points for small p by more than the amount indicated by
the error bar in Fig. 11 would require unreasonably small
values of v, and we therefore conclude that the deviation
of the exchange splitting from the straight line and from
the Thuselt-Unger formula in Fig. 11 is real.
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