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Spin-dependent recombination of photoinduced carriers in phthalocyanine/C60 heterojunctions

Ichiro Hiromitsu, Yoshiaki Kaimori, Mayuko Kitano, and Takashi Ito
Department of Material Science, Interdisciplinary Faculty of Science and Engineering, Shimane University, Matsue 690-8504,

~Received 28 May 1998!

Spin-dependent recombination of photoinduced carriers in H2-phthalocyanine (H2Pc!/C60 heterojunctions is
studied by electrically detected electron-spin resonance~EDESR! spectroscopy. The EDESR spectrum of the
H2Pc/C60 consists of two componentsA andB, theg values of which are 2.001860.0002 and 2.001060.0002,
respectively. The two components are attributed to exchange-coupled localized electron-hole pairs trapped at
different types of recombination centers. ComponentA has spin-flip satellites due to an interaction between the
electron~or hole! spin, and its surrounding nuclear spins of protons which belong to the H2Pc rings. From the
satellite intensity, the distance between the electron~or hole! and the protons is estimated to be 4.3360.25 Å,
indicating that the localized pairs for the componentA locate close to the H2Pc rings. The spin dynamics of the
localized pairs for the componentA is studied by a microwave recovery experiment, in which the time
dependence of the EDESR signal intensity is measured after turning the resonant microwave on and off. A
theoretical model of the spin-dependent recombination of the exchange-coupled electron-hole pair is proposed
with which the experimental results of the microwave recovery are explained. By a theoretical analysis, it is
found thatR*13106 s21 andD1Wsl56.2 (60.8)3104 s21 for componentA at room temperature, whereR
is the recombination rate of the localized pair in theSz50 triplet sublevel, andD andWsl are the dissociation
and the spin-lattice relaxation rates, respectively, of the pairs in the triplet sublevels. The photocurrentI 2 that
is caused by the dissociation of the localized pairs for componentA is about 5% of the total photocurrent.
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I. INTRODUCTION

Electrically detected electron-spin resonance~EDESR!,
which is also called electrically detected magnetic resona
is a technique to observe electron-spin resonance~ESR! sig-
nal by detecting a change of the photocurrent or conducti
of the sample.1–4 The change of the photocurrent or condu
tivity is caused by a change of the recombination probabi
of the carriers. The recombination probability is spin dep
dent, so that it is affected by the occurrence of the E
transition, which alters the spin states. The sensitivity
EDESR is 103– 104 times higher than conventional ESR,5–7

so that EDESR is a powerful experimental technique to st
the recombination mechanism in small-volume systems
thin films or heterojunctions.

In some EDESR experiments, a change of the photo
rent or conductivity by a factor of;1024 ~Refs. 8 and 9! or
even ;1021 ~Ref. 7! is observed as a result of the ES
transition, which is due to an increase of the recombinat
probability of photoinduced or electrically injected carrie
The changes of 1024 as well as 1021 are quite large, and
cannot be explained if the spin states of the carriers obey
simple Boltzmann statistics.1 Kaplan, Solomon, and Mot
showed2 that such a large change of the photocurrent or c
ductivity can be explained by a localized electron-hole p
model, in which an electron and a hole make a localized p
for a certain period. Since the pairs in the singlet spin c
figuration can disappear by recombination, the fraction of
triplet pairs becomes larger than that expected by the Bo
mann distribution. By applying the resonant microwave
net transition occurs from the triplet state to the singlet
that the recombination is enhanced.

Kaplan, Solomon, and Mott assumed2 no exchange inter-
PRB 590163-1829/99/59~3!/2151~13!/$15.00
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action between the electron and the hole, because, if the
change interaction is stronger than the difference of the re
nance frequencies of the electron and the hole, the E
transition occurs between the triplet sublevels and does
affect the number of the singlet pairs. If the assumption
Ref. 2 is correct, the electron and hole take part in the E
transition independently, so that a separate observation o
EDESR signals of the electron and the hole should be p
sible in principle. In most of the EDESR spectra reported
far, however, only a single line is observed, and the sign
of the electron and the hole are not isolated. This sugg
that there exists a significant exchange interaction wh
makes the signals of the electron and the hole meet in
EDESR line.10 Assuming that the difference between theg
values of the electron and hole is in the order of 0.001,
exchange interaction of 1023 K is strong enough to make
single EDESR line. Since the electron and hole in a localiz
pair should be in close proximity so as to take part in t
recombination, such an exchange interaction can certa
exist. Thus, the model of Ref. 2 should be generalized to
case when exchange interaction exists. Dyakonovet al.
suggested7 that a selective intersystem crossing between
triplet and singlet states may explain the EDESR effect un
the exchange interaction, but no quantitative analysis
been presented. Furthermore, when EDESR is meas
from the change of the photocurrent, there should be carr
that do not experience localized pairs. The problem of h
many percent of the photocurrent is related to the locali
pairs has never been considered. Thus, the basic mecha
that gives rise to the EDESR signal has not been comple
understood.

In this paper, a comprehensive EDESR study is done
H2Pc/C60 heterojunction. The photovoltaic characteristics
2151 ©1999 The American Physical Society
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2152 PRB 59HIROMITSU, KAIMORI, KITANO, AND ITO
the H2Pc/C60 heterojunction have been reported recentl5

The H2Pc/C60 is a typical donor-acceptor-type11 photocell,
with a conversion efficiency of 0.02%. The photovoltaic e
fect occurs by a photo-excitation of H2Pc and/or C60 in the
interface region, followed by a charge separation in wh
the electron and the hole diffuse to theC60 ~acceptor! and the
H2Pc ~donor! layers, respectively. A preliminary EDES
study was also done previously5 in which a decrease of th
photocurrent by a factor of;1024 was observed by applying
a resonant microwave. In the present study, a more comp
EDESR measurement is done with an improved sensitiv
It will be shown that the EDESR spectrum is made by
overlap of two components, one of which has spin-flip s
ellites by an interaction between an electron~or hole! spin
and the nearby nuclear spins of protons. The observatio
the spin-flip satellites is quite exceptional, and an analysi
the satellite intensity will give us some information on t
location of the detected carrier spins. A measurement of
crowave recovery of the EDESR intensity allows us a dir
observation of the spin dynamics of the localized pairs
theoretical model of the spin-dependent recombination
proposed for the case of finite exchange interaction betw
the electron and the hole, which explains the experime
results of the microwave recovery. A clear insight on t
mechanism of the spin-dependent recombination in
H2Pc/C60 heterojunction will be obtained.

II. EXPERIMENT

H2Pc was purchased from Nacalai Tesque Inc. and
used after subliming twice in vacuum. C60 ~99.95%! was
purchased from MER Corp., and was used without furt
purification.

The arrangement of the thin films in the heterojuncti
system is shown in Fig. 1. A gold film of 25-nm thickne
was evaporated on a glass substrate of 131830.15 mm3

under a pressure below 131024 Pa, followed by the H2Pc
and the C60 films each of 120-nm thickness. On top of th
C60 film, another gold electrode was evaporated of ab
25-nm thickness. The rates of the deposition were 0.02,
and 0.15 nm/sec for the Au, H2Pc, and C60 films, respec-
tively, monitored by a quartz oscillator~ULVAC
CRTM5000!. The active area for the photovoltaic effect
about 2 mm2. In the present study, the glass substrate w
mainly used instead of the quartz substrate, the latter ha
been used in the previous study.5 No difference is seen in the
EDESR spectrum as well as the photovoltaic characteris
between the two cases of the glass and the quartz subst
In the measurements, the sample was kept in vacuum
quartz tube.

FIG. 1. Scheme of a H2Pc/C60 heterojunction.
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The EDESR measurement was done on home builX
band~9.3 GHz! andK-band~23 GHz! spectrometers using
600-Hz field modulation of 0.05 mT. The voltage across
10-kV load in Fig. 1 was fed to a lock-in amplifier whic
was synchronous to the 600-Hz field modulation. The b
voltage wasV50 unless otherwise noted. A TE101 rectangu-
lar cavity and a TE011 cylindrical cavity were used for theX-
andK-band measurements, respectively, which had grids
the illumination of the sample. The illumination was don
with a 500-W Xe lamp from the C60 side, as shown in Fig. 1
The light in the IR region ofl.900 nm was cut off using a
glass filter ~Toshiba IRA-25S!. The maximum microwave
power incident to the cavity was 25 mW for both theX- and
K-band measurements.

For the microwave recovery measurement of the pho
current, a 25-mW microwave in theX-band region was
turned on and off using ap- i -n diode whose switching time
was 0.1ms. The voltage across the 10-kV load of the sample
was fed to a differential preamplifier, the output of whic
was monitored on a digital oscilloscope. The obtained tr
sient signal was accumulated on a personal computer. T
cally 10 000-times accumulation was needed in order to
tain a sufficient signal-to-noise ratio. For the baseli
correction, the recovery curve with the magnetic field out
the resonance was subtracted from that at the center o
resonance.

III. RESULTS

A. EDESR

Figure 2 shows theX-band~9.3 GHz! EDESR spectra of
the H2Pc/C60 heterojunction at room temperature, with m
crowave powers of 25 and 0.38 mW. The spectrum with
mW has a 30% broader peak-to-peak linewidth than t
with 0.38 mW, which is due to the microwave-power sa
ration. Two satellites are seen in the 25-mW spectrum
least-squares fitting was done for the 25-mW spectrum,
suming that the central line and the two satellites ha
Lorentzian line shapes, the result of which is shown in F
2. The spacing between the satellite and the central lin

FIG. 2. X-band~9.3 GHz! EDESR spectra of a H2Pc/C60 hetero-
junction at room temperature. The microwave power incident to
cavity is 25 mW fora and 0.38 mW forb. The broken line fora is
a simulated one assuming Lorentzian line shapes for the centra
the satellite lines. The broken line forb is a simulated one with a
Lorentzian line shape.



llit
e
p
e
e
th

he
m
is

o
,
-

th
te
/

na
th
c
d

th
e
y
f

t
is

i
-
-
to

or
a
-fl

ne
n

a

of
urs
ave
for
of

the
e-

tral
a

l in-
low

in

on
-
.

ture
0 K

ve
low
een
y
ing

ig.

mW
es
ich
ws

ined

th

l a

e

PRB 59 2153SPIN-DEPENDENT RECOMBINATION OF . . .
0.50 mT, and the relative integrated intensity of the sate
to the central line is 0.023. The origin of the satellites b
comes clear when the magnetic-field dependence of the s
ing and the intensity of the satellites is investigated: Figur
shows theK-band~23 GHz! EDESR spectra with microwav
powers of 25 and 0.78 mW. The satellites are seen in
25-mW spectrum in Fig. 3. A simulation shows that t
spacing between the satellite and the central line is 1.25
and the intensity ratio of the satellite to the central line
0.0040. The ratio of the spacings in theK- andX-band spec-
tra is 1.25 mT/0.50 mT52.50 which is very close to the rati
of the magnetic field intensityH0 for the two spectra, i.e.
826.4 mT/332.4 mT52.49, indicating that the spacing is pro
portional toH0. Such a field dependence is not seen in
usual hyperfine splitting. Furthermore, the ratio of the sa
lite intensity between theK- and X-band spectra is 0.0040
0.02350.17 which is close to@H0(K band!/H0(X band!# 22

50.16, suggesting that the satellite intensity is proportio
to H0

22. The observed magnetic-field dependence of
spacing and the intensity of the satellites is characteristi
the spin-flip satellites.12,13 The spin-flip satellites are cause
by a forbidden transition in which an electron~or hole! spin
and its neighboring nuclear spin flip at the same time by
electron spin resonance. It is known that the spacing betw
a spin-flip satellite and the central line is given b
mnH0 /me , wheremn and me are the magnetic moments o
the nucleus and the electron~or hole!, respectively, and tha
the relative intensity of the satellite to the central line
given by 3Nme

2/5H0
2r 6, whereN is the number of the nucle

surrounding the electron~or hole! and r is the distance be
tween the electron~or hole! and the nuclei. The nuclei re
sponsible for the satellites in the present system are pro
since the observed spacing of 0.50 mT in theX-band spec-
trum is identical with the expected value of 0.505 mT f
protons within experimental error. Thus it is concluded th
the observed satellites in the present system is the spin
satellites caused by the interaction of the electron~or hole!
spin with their surrounding nuclear spins of protons.

The relative intensity of the satellites to the central li
becomes very weak at low microwave power, as is see
Figs. 2 and 3. The larger relative intensity of the satellites

FIG. 3. K-band~23 GHz! EDESR spectra of a H2Pc/C60 hetero-
junction at room temperature. The microwave power incident to
cavity is 25 mW fora and 0.78 mW forb. The broken line fora is
a simulated one assuming Lorentzian line shapes for the centra
the satellite lines. The broken line forb is a simulated one with a
Lorentzian line shape.
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higher microwave power is due to the power saturation
the central line. The power saturation of the satellites occ
at much higher microwave power because the microw
transition rate for the satellites is much slower than that
the central line. The above-mentioned expression
3Nme

2/5H0
2r 6 is for the limit of low microwave power, where

no power saturation occurs for the central line, as well as
satellites. In this limit, the signal intensity has a linear d
pendence on the microwave power@see Eqs.~2! and ~3!#.
Figure 4 shows the integrated signal intensities of the cen
and the satellite lines in theX-band EDESR spectrum as
function of the microwave powerPmw . The satellite inten-
sity has a linear dependence onPmw in the whole range of
the present measurement. On the other hand, the signa
tensity of the central line has a linear dependence only be
5 mW. Thus the experimental value for 3Nme

2/5H0
2r 6 is ob-

tained from the ratio of the tangents of the two linear lines
Fig. 4, which is 0.015. Sinceme andH0 are known, the value
of r /N1/6 can be estimated, which is 2.6 Å. For the estimati
of r , we need to know the numberN of the protons surround
ing an electron~or hole!, which will be discussed in Sec
V B.

The satellite intensity becomes weaker as the tempera
is lowered, and the satellites are not detected below 19
for the X band and 250 K for theK band when the bias
voltage is not applied. By applying a positive or negati
bias voltage, the satellites become detectable even at
temperature. These indicate that the mean distance betw
the electron~or hole! and the protons becomes larger b
lowering the temperature, and becomes shorter by apply
the bias voltage.

Comparing the calculated and the observedK-band
EDESR spectra with the microwave power of 25 mW in F
3, a small disagreement is seen between the two atH0
;827 mT. Such a disagreement is not seen for the 0.78
spectrum in Fig. 3. The origin of the disagreement becom
clear by observing the spectrum at lower temperature, wh
is shown in Fig. 5. It is seen in Fig. 5 that a new peak gro
up at the higher-field shoulder of theg52.0018 signal as the
temperature is lowered. The observed spectra are expla
as an overlap of two Lorentzian lines located atg52.0018
60.0002 ~componentA! and 2.001060.0002 ~component

e

nd

FIG. 4. Integrated EDESR intensities of the central (d) and
satellite (s) lines vs microwave powerPmw for the X-band spec-
trum of a H2Pc/C60 heterojunction at room temperature. For th
straight lines, see the text.
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B!, as shown in Fig. 5. The relative intensity ofB to A in-
creases as the temperature is lowered.

Figure 6 shows the microwave power dependence of
K-band EDESR spectrum at 204 K. A bias voltage ofV
520.5 V was applied in order to obtain a sufficient sign
to-noise ratio. The results of the simulation by the tw
Lorentzian lines are also shown in Fig. 6. The relative int
sity of the componentB compared to that of componentA
increases as the microwave power increases. The pea
peak signal intensityVpp and the linewidthDHpp of the two
componentsA andB are plotted in Fig. 7 as functions of th
microwave powerPmw . These power saturation results a
not explained by a saturation theory for a homogeneou
broadened line, but can be explained by assuming an in
mogeneous broadening.14

In the case of inhomogeneous broadening,15,16 an ob-
served EDESR line is assumed to be a result of an overla
spin packets, i.e., homogeneous lines, the resonant frequ
of which has a distribution as a result of, for example,
unresolved hyperfine structure, a distribution in theg value,
etc. In this case, the observed EDESR line shape is writte

V~v!5E
2`

`

f ~v2v8! g~v82v0!dv8, ~1!

where f (v2v8) is the line shape of the spin packet th
center of which isv8, and g(v82v0) is the distribution

FIG. 5. Temperature dependence of theK-band EDESR spec
trum of a H2Pc/C60 heterojunction. The microwave power is 2
mW. The broken lines are simulated ones by an overlap of
Lorentzian lines which are shown by the dotted lines.

FIG. 6. K-band EDESR spectra of a H2Pc/C60 heterojunction at
204 K with microwave powers of 25 mW fora and 0.38 mW forb.
The bias voltageV520.5 V. The broken lines are simulated on
by an overlap of two Lorentzian lines which are shown by t
dotted lines.
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function of v8 with v0 being the center of the distribution
As will be shown in Sec. IV, and has also been shown
other groups,4,6 f (v2v8) is generally given by the formula

f ~v2v8!5C
b Wmw~v2v8!

11b Wmw~v2v8!
, ~2!

whereWmw(v2v8) is the microwave transition probability
between the spin levels, andC and b are constants. It is
assumed thatWmw(v2v8) has a Lorentzian distribution
with a half-width of 1/T2, i.e.,

bWmw~v2v8!5aPmw

T2

p

1

11~v2v8!2 T2
2

, ~3!

wherePmw is the microwave power in mW, anda is a con-
stant which is proportional tob and also mechanical con
stants of the microwave cavity.17 The distribution function
g(v82v0) is assumed to be Lorentzian with a half width
1/T2* since the observed EDESR line shape is nearly Lore
zian:

g~v82v0!5
T2*

p

1

11~v82v0!2 T2*
2

. ~4!

The present experiment observes the first derivative
shapeV8(v) by employing a field modulation, which is
from Eqs.~1!–~4!,

V8~v!522CT2*

3E
2`

` q2aT2Pmw~x2j!

@q2~p1aT2Pmw!1p~x2j!2#2

1

11j2
dj ,

~5!

o

FIG. 7. The microwave powerPmw dependence of the peak-to
peak signal intensityVpp and linewidth DHpp of the K-band
EDESR spectrum of a H2Pc/C60 heterojunction at 204 K.d: For the
component A at g52.0018. s: For the componentB at g
52.0010. Bias voltageV520.5 V. The solid and the broken line
are the theoretical ones in the case of an inhomogeneous broa
ing, the details of which are described in the text.
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where

j5T2* ~v82v0! , ~6!

x5T2* ~v2v0! , ~7!

and

q5T2* /T2 . ~8!

The peak-to-peak signal intensityVpp and linewidthDHpp
are calculated numerically by using Eq.~5! when the values
of the parametersT2, T2* , a, C, and Pmw are given. The
experimental power saturation behavior in Fig. 7 is well e
plained by this formalism with the following parameter va
ues: For the lower-field componentA, T252.3 (60.3)
31026 s, T2* 52.3 (60.1)31028 s, aA51.1 (60.3)3107

s21~mW! 21 andCA54.9 (60.3). For the higher-field com
ponentB, T252.1 (60.3)31026 s, T2* 52.1 (60.1)31028

s, aB51.8 (60.5)3106 s21~mW! 21, and CB53.2 (60.2).
Comparing the parameter values forA and B, difference is
seen in thea and C values with aA /aB56.162.3 and
CA /CB51.560.1. This gives evidence that the two comp
nentsA and B come from different types of electron-ho
pairs, as will be discussed in Sec. V A.

Now the temperature dependence of the EDESR spec
in Fig. 5 is considered. The relative intensity of componenB
compared to that of componentA, increases as the temper
ture is lowered. This is attributed mainly to a strong tempe
ture dependence ofa, which is, as shown in Eqs.~45!–~47!,
a function of the generation (k), the dissociation (D), the
recombination (R), and the spin-lattice relaxation (Wsl)
rates of the localized electron-hole pairs and the respo
rate (Wc) of the detection circuit, withD, Wsl , and Wc
dependent on temperature. Furthermore, while componenA
andB are attributed to different types of localized pairs, t
relative number of the localized pairsA andB may also be
temperature dependent. Thus there are too many param
that determine the temperature dependence in Fig. 5, so
no quantitative analysis is possible.

In the present EDESR spectrum, spin-flip satellites
observed at room temperature. The satellites belong to
lower-field componentA since, as seen in Figs. 2 and 3, t
two satellites locate at an even distance from the field co
sponding tog52.0018 which is the center of componentA.
This is confirmed by observing theX-band spectrum at 169
K with a bias voltage ofV521.0 V which is shown in Fig.
8. In Fig. 8, the overlap of the two componentsA andB are
clearly seen, and at the same time, one of the satellite
seen at 331.07 mT, but the other satellite is hidden in the
of the componentB. The observed satellite at 331.07 m
should belong to the component whose center locate
331.07 mT10.505 mT5331.575 mT, i.e., componentA,
where 0.505 mT is the spacing between the central and
ellite lines for the proton-spin-flip in theX-band spectrum.
Thus, the spin-flip satellites belong to the lower-field co
ponentA.

B. Microwave recovery

Microwave recovery experiment was done for t
H2Pc/C60 heterojunction, in which the time dependence
-
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the photocurrent was measured after turning the microw
at the center of the resonance on and off. Figure 9 shows
recovery curves at room temperature. Since the EDESR
nal intensity of componentB is negligibly weak at room
temperature, the recovery curves in Fig. 9 are attribu
solely to componentA. As seen in Fig. 9, the photocurren
decreases by a factor of 6.231024 by turning on the micro-
wave. The recovery curve after turning on or off the micr
wave is not explained by a monoexponential function, bu
explained by an overlap of two or more exponential fun
tions with different recovery rates. Figure 9 shows a resul
a fitting assuming a Gaussian distribution for the rate

I ~ t !5I ~`!2$I ~`!2I ~0!%

E
0

`

e2Wt h~W!dW

E
0

`

h~W!dW

, ~9!

where

h~W!5
1

A2pD
expF2

~W2W0!2

2D2 G . ~10!

In Eq. ~9!, I (t) is the photocurrent at timet, the microwave
being turned on or off att50. For simplicity, it was assumed

FIG. 8. X-band EDESR spectrum of a H2Pc/C60 heterojunction
at 169 K. Bias voltageV521.0 V. The broken line is a simulate
one by an overlap of two Lorentzian lines which are shown by
dotted lines.

FIG. 9. X-band microwave recovery curves of the photocurre
of a H2Pc/C60 heterojunction at room temperature. The magne
field H0 is at the center of the resonance. The broken line i
calculated one with a Gaussian distribution of the recovery rate,
mean recovery rateW0 being 1.163105 s21 and 6.173104 s21 after
turning the microwave on and off, respectively.
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in the fitting thatD5W0 , so that the fitting parameters we
W0, I (0), andI (`). Since the experimental recovery curv
can also be fitted by other distribution functionsh(W), it is
not possible to determine uniquely the function form
h(W). Here the value ofW0 obtained by the fitting with Eq.
~10! is used in order to represent the recovery rate of
experimental data.

The values ofW0 after turning the microwave on and o
are 1.163105 and 6.173104 s21, respectively. The 1.9 time
larger value ofW0 after turning on is attributed to the occu
rence of the microwave transition between the spin lev
which enhances the recovery rate of the photocurrent. T
gives an evidence that the present microwave recovery
periment observes the spin dynamics of the localiz
electron-hole pairs. A more detailed explanation of the
perimental recovery curves will be given after presentin
theoretical model of the spin-dependent recombination
Sec. IV.

Figure 10 shows the temperature dependence ofW0 after
turning the microwave on and off. It is seen thatW0 de-
creases steeply as the temperature is lowered. As show
Sec. IV,W0 is a function of the generation (k), the dissocia-
tion (D), the recombination (R), the spin-lattice relaxation
(Wsl), and the microwave transition (Wmw) rates of the
electron-hole pairs and the response rate (Wc) of the detec-
tion circuit, with D, Wsl , andWc being temperature depen
dent. If Wc is larger than the other rates,W0 is roughly
approximated by Eq.~48!, and the decrease ofW0 at low
temperature is attributed to a decrease ofD andWsl . In this
case, the difference between theW0 values after turning the
microwave on and off would be;Wmw , which is nearly
temperature independent. In Fig. 10, however, theW0 values
after turning the microwave on and off become almost id
tical at T&200 K. This is explained by the temperature d
pendence ofWc : In the present heterojunction, the resistan
of the sample increases steeply as the temperature is low
The large resistance of the sample makes the response
Wc of the detection circuit slower. It is interpreted thatWc
becomes of the same order as or even smaller than the
rates at low temperature, and the observed recovery rateW0
at T&200 K is mainly determined byWc . It is also noted
that componentB begins to contribute to the microwave r
covery as the temperature is lowered. Thus the tempera
dependence ofW0 in Fig. 10 is explained by the temperatu
dependence ofWc as well asD andWsl , with some distur-

FIG. 10. Temperature dependence of a mean recovery rateW0

of the photocurrent of a H2Pc/C60 heterojunction after turning the
microwave on (m) and off ~n!.
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bance by componentB, andW0 at T&200 K does not reflect
the spin dynamics of the electron-hole pairs.

IV. THEORETICAL MODEL

In the present experiment, a decrease of the photocur
by a factor of 6.231024 was observed at room temperatu
by turning on the microwave at the center of the resonan
The decrease of the photocurrent is explained by an incre
of the recombination probability between the photogenera
electrons and holes. The simplest model to explain the
crease of the recombination probability was proposed
Lepine.1 In this model, it is assumed that the populations
the spin states of the electron and the hole obey the Bo
mann statistics and, if an electron and a hole make a pa
the singlet spin configuration, that recombination can ta
place. By applying a resonant microwave which cause
saturation of the spin-state populations, the Boltzmann
tribution is disturbed, so as to increase the probability of
singlet pair generation. As a result, the recombination pr
ability is increased. In this model, however, the decrease
the photocurrent due to the spin resonance is at most b
factor of 1026 at room temperature, so that the observ
decrease of 6.231024 is not explained.

The decrease of the photocurrent much larger than 1026 is
explained by a localized electron-hole pair model origina
proposed in Ref. 2. In this model, an electron and a h
form a localized pair for a certain period. Since the localiz
pairs in the singlet configuration can disappear due to
recombination, the fraction of the singlet pairs becomes s
stantially less than that expected by the Boltzmann distri
tion. By the occurrence of the spin resonance, the spin s
in the singlet configuration is populated from the triplet sta
and the recombination probability is increased. In this mod
a decrease of the photocurrent by a factor of up to 1021 can
be explained.

Kaplan, Solomon, and Mott assumed a negligibly we
exchange interaction between the electron and hole, beca
if the exchange interaction is stronger than the difference
the resonance frequencies of the electron and the hole
resonance transition occurs only within the triplet sublev
and the population of the singlet state is not affected. Ho
ever, as will be discussed in Sec. V A, the spectrum obser
in the present EDESR experiment is attributed to exchan
coupled electron-hole pairs. A point of the theoretical mo
proposed here is that, even under the existence of the
change interaction, the increase of the recombination pr
ability by the spin resonance occurs through the mixing
the singlet and triplet states. Details are presented below

In the interface region of the heterojunction, there ex
photogenerated carriers. Some of them diffuse out of
interface region to contribute to the photocurrent, and so
form localized electron-hole pairs. Some of the localiz
pairs recombine and the others dissociate to populate
mobile carriers again. This situation is illustrated in F
11~a!. Then the rate equation for the numbernc of the pho-
togenerated mobile electron or hole becomes

dnc

dt
5G2k nc1D n2Wc nc , ~11!
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whereG is the rate of the charge separation after the pho
excitation,k and D are the rates of the generation and t
dissociation of the localized pairs, respectively, the num
of which isn, andWc is the rate that the carriers escape fro
the interface region contributing to the photocurrent, wh
is equivalent with the response rate of the detection circ
The observed photocurrentI is expressed as

I 5e Wc nc , ~12!

wheree is the charge of a carrier. Ifk ! Wc , which is actu-
ally fulfilled as shown later, the probability that the disso
ated carriers again form the localized pairs becomes neg
bly small, so that it is approximated that all the dissocia
carriers diffuse out of the interface region and contribute
the photocurrent@Fig. 11~b!#. Defining I 1 and I 2 as the pho-
tocurrents generated by the carriers that have not and
formed localized pairs, respectively, the detected photo
rent I becomes

I 5I 11I 2 . ~13!

Then what is detected by EDESR is a changeDI 2 due to the
spin resonance. In order to calculateDI 2, the rate equations
for the populations of the spin states of the localized pa
must be considered, which is done below.

The spin Hamiltonian of the localized electron-hole pair

H5m0H0~geSez1ghShz!12J Se–Sh , ~14!

whereSe andSh are the spin operators of the electron and
hole, respectively, andge andgh are theg values of them.J
is the exchange coupling constant, withJ.0 corresponding
to the antiferromagnetic interaction. Using a representa
uS,Sz& which diagonalizes the magnitude ofS5Se1Sh and
its z component, the eigenfunctions become

c15u1,1& , ~15!

c25A12h2 u1,0&1h u0,0& , ~16!

FIG. 11. The relation between the localized electron-hole p
and the photocurrent.k andD are the rates of the generation and t
dissociation of the localized pairs.Wc is the rate at which the car
riers escape from the interface region of the heterojunction con
uting to the photocurrent.~a! is approximated with~b! when
k ! Wc . I 1 and I 2 are the photocurrents by the carriers that ha
not experienced the localized pairs and have, respectively.
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c35u1,21& , ~17!

c45A12h2 u0,0&2h u1,0& , ~18!

where

h25
AJ214~ge2gh!2mB

2H0
22J

2AJ214~ge2gh!2mB
2H0

2
. ~19!

Assuming thatuJu @ 2uge2ghumBH0, c1, c2 , andc3 corre-
spond to the triplet configuration, andc4 to the singlet. Since
c2 includes the u0,0& state by a probability ofh2, the
electron-hole recombination can occur in thec2 state as well
as in thec4 state, while the recombination rates in thec1
andc3 states are assumed to be zero.

Figure 12 shows the processes governing the populat
ni ( i 51 – 4) of the four statesc i . ni obey the rate equation

dn1

dt
5K2Dn12~Wmw1Wsl!~n12n2!2Wsl8 ~n12n3! ,

~20!

dn2

dt
5K2~D1R!n22~Wmw1Wsl!~2n22n12n3! ,

~21!

dn3

dt
5K2Dn32~Wmw1Wsl!~n32n2!2Wsl8 ~n32n1! ,

~22!

dn4

dt
5K2Dn42R8n4 . ~23!

In Eqs. ~20!–~23!, K5 1
4 knc is the population rate of eac

spin state, which is assumed to be constant since the v
tion of nc obtained by turning the microwave on and off
very small under the stationary illumination condition, whic
is a factor of 6.231024 in the present system at room tem
perature. It is also assumed that the pair is nongemin
having equal population rates for the four spin levels, wh
is in contrast to the case of a geminate pair having a fin
population rate only for the singlet state.D is the dissociation
rate of the localized pairs in the four statesc1–c4. R andR8
are the recombination rates in thec2 andc4 states, respec
tively. Wmw andWsl are the rates of the microwave transitio
and the spin-lattice relaxation, respectively, between thec1

s

b-

e

FIG. 12. Energy levels of an exchange-coupled electron-h
pair and the processes governing the populationsni ( i 51 – 4) of the
four spin states.K: Population rate.D: Dissociation rate.R andR8:
Recombination rates.Wmw : Microwave transition rate.Wsl and
Wsl8 : Spin lattice relaxation rates.
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andc2 or c2 andc3 states.Wsl8 is the spin-lattice relaxation
rate between thec1 andc3 states. The spin-lattice relaxatio
occurs toward the Boltzmann distribution, which isn15n2
5n35n4 in the high-temperature approximation. The micr
wave transition between thec1 andc4 or c3 andc4 states
can occur because of the mixing of theu1,0& state inc4,
which, however, is neglected because the resonant frequ
for this transition is different from that forWmw by ;J/2,
and the corresponding EDESR signal has not been dete
SinceR8 @ R, n4 is always much smaller thann1, n2 , and
n3, so that the contribution ofn4 to the photocurrentI 2 is
neglected.

Defining Na andNb by

Na5n11n3 , ~24!

Nb5n2 , ~25!

Eqs.~20!–~22! reduce to the two rate equations

dNa

dt
52K2~D1W!Na12WNb , ~26!

dNb

dt
5K2~D1R12W!Nb1WNa , ~27!

where

W5Wmw1Wsl . ~28!

The solutions of Eqs.~26! and ~27! become

Na~ t !5A01A1e2l1t1A2e2l2t , ~29!

Nb~ t !5B01B1e2l1t1B2e2l2t , ~30!

where

l1,25
1
2 ~ 2D13W1R 6A9W212RW1R2 ! , ~31!

so thatl1.l2. In Eqs.~29! and ~30!,

A05
2~D1R!16W

D~D1R!1~3D1R!W
K , ~32!

B05
D13W

D~D1R!1~3D1R!W
K , ~33!

andAi andBi ( i 51 and 2! are constants having the relation

A1,25
W1R 7A9W212RW1R2

2W
B1,2, ~34!

which are determined by introducing initial conditions.
In the present microwave recovery experiment, the mic

wave is turned on and off after keeping the microwave
and on, respectively, for long enough periods. Then the
tial conditions forNa(t) andNb(t) after turning on the mi-
crowave att50 become

Na~0!5A01A11A25A08 , ~35!

Nb~0!5B01B11B25B08 , ~36!
-

cy

ed.

-
f
i-

whereA08 and B08 are the values ofA0 and B0 in Eqs. ~32!
and ~33! with W5Wsl , i.e., with the microwave off. Using
Eqs. ~34!–~36!, A1, A2 , B1 , andB2 are calculated, the ex
plicit expressions of which are not shown here.

When a conditionl1!Wc as well ask!Wc is fulfilled,
the photocurrentI 2 is calculated by

I 25e D ~Na1Nb1n4! ; e D ~Na1Nb! , ~37!

because the dissociated carriers immediately escape th
terface region to contribute to the photocurrent in this ca
Then, the time dependence ofI 2 becomes

I 2~ t !5I 202C1e2l1t1C2e2l2t , ~38!

where

I 205
e D ~3D12R19W!

D~D1R!1~3D1R!W
K ~39!

and

C1,25
eKDWmw

Q@Q1~3D1R!Wmw#

3W1R 7 S

2W

3F R

S
~3DW12WR1DR! 6 DR G , ~40!

with

S5A9W212RW1R2 ~41!

and

Q5D~D1R!1~3D1R!Wsl . ~42!

In Eq. ~38!, a relation 0,C1,C2 is always satisfied.
Similarly, the photocurrentI 28 after turning off the micro-

wave att50 becomes

I 28~ t !5I 208 1C18e
2l18t2C28e

2l28t , ~43!

where the primed quantities are calculated using Eqs.~39!–
~41! by replacing W with Wsl . Again a relation 0,C18
,C28 holds.

The EDESR signal intensityV corresponds to the differ
ence ofI 28(`) and I 2(`), so that

V5I 208 2I 205
2eKDR2

Q~3D1R!

3D1R

Q
Wmw

11
3D1R

Q
Wmw

. ~44!

Equation~44! has the same form as Eq.~2!.
The above calculations are for the case ofk,l1!Wc .

Practically, this condition can be relaxed tok,l2!Wc be-
cause a relationC1!C2 is satisfied in Eq.~38! when l1
@l2 , so that the contribution of thee2l1t term is neglected
in this case. When the serial resistance of the detection
cuit in Fig. 1 becomes extremely large, the conditionk,l2
!Wc may no longer be fulfilled because the response r
Wc of the circuit becomes small in this case. This situati
actually occurs in the low-temperature measurement of
present system where the sample resistance becomes
tremely large. In this case, Eq.~11! should be simultaneously
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solved with Eqs.~20!–~23!, and the microwave recovery rat
becomes to be affected byWc . Then the EDESR signal in
tensity V is calculated from the stationary solution fornc ,
the result of which is

V5e Wc ~ nc 08 2nc 0!5

1
2 keGDR2Wc

PF

F

P
Wmw

11
F

P
Wmw

,

~45!

wherenc 0 and nc 08 are the stationary solutions fornc with
the microwave on and off, respectively, andP and F are
defined as follows:

P5 1
4 k @D~D12R!1~3D14R!Wsl#1WcQ , ~46!

F5 1
4 k~3D14R!1Wc~3D1R! . ~47!

Again, the EDESR signal intensity has the same form as
~2!. As expected, Eq.~45! becomes Eq.~44! in the limit of
k ! Wc since a relationnc ; G/Wc is fulfilled in this case.

In the present microwave recovery experiment for co
ponentA at room temperature, the observed recovery r
certainly reflects the spin dynamics, since the recovery r
after turning on and off the microwave is different. Th
indicates thatWc does not affect the microwave recove
rate so that the conditionk, l2!Wc is satisfied. Using Eqs
~38! and ~43!, the theoretical microwave recovery curve
calculated when the values ofD, R, Wmw , and Wsl are
given. Figure 13 shows the calculated recovery curves
recovery curve is made of an overlap of two exponen

components2C1 e2l1t and C2 e2l2t ~or C18 e2l18t and

2C28 e2l28t) with l1.l2 and C1,C2 ~or l18.l28 and C18
,C28). The decays of the two components are always in
opposite directions sinceC1, C2, C18 , andC28 are all positive.
In the experimental recovery curves, however, the overla

the 2C1 e2l1t ~or C18 e2l18t) component is not observed
This indicates thatC1!C2 and C18!C28 . It is found by in-
specting Eq.~40! that these relations are satisfied when
condition R@D,Wmw ,Wsl is fulfilled. In this case, the ex

FIG. 13. Theoretical microwave recovery curves calculated
Eqs. ~38! and ~43!. The parameter values areD53.23104 s21, R
513106 s21, Wmw57.23104 s21, and Wsl53.23104 s21. The
calculated recovery rates arel151.263106 s21 and l251.17
3105 s21 after turning on the microwave, andl151.103106 s21

andl256.183104 s21 after turning it off.
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perimental decay rateW0 corresponds tol2 in Eq. ~31!,
which is roughly approximated as

W0;l2;D1Wsl1Wmw . ~48!

In the present system at room temperature,W0 after turning
on the microwave is larger than that after turning off. Th
occurs whenR@Wmw*D,Wsl . The experimental values o
W051.163105 and 6.173104 s21 after turning the micro-
wave on and off are explained withR*13106 s21, D
1Wsl56.2 (60.8)3104 s21, and Wmw56.4 (61.0)3104

s21.
With the above parameter values, the relative change

the photocurrent by the spin resonance, i.e.,2DI 2 /I 2[(I 208
2I 20)/I 208 becomes 4.3 (60.5)31021, whereI 2 is the pho-
tocurrent produced by the dissociation of the localiz
electron-hole pairs for componentA. However, the calcu-
lated value of 4.331021 is for the case when the microwav
excites all the localized pairs for componentA. The micro-
wave intensity of 25 mW in the present microwave recove
experiment corresponds to the microwave magnetic fieldH1
of the order of 0.01 mT,17 which means that the microwav
excites the spins in a width of 0.01 mT at the center of
resonance. Since the linewidth of the present EDESR sp
trum is about 0.3 mT, the microwave excites only about 3
of the localized pairs. Thus the theoretical value of 4
31021 for 2DI 2 /I 2 should be reduced to 1.331022 for
comparison with the experiment. The experiment shows
2DI 2 /I 52DI 2 /(I 11I 2)56.231024, whereI 1 is the pho-
tocurrent by the carriers that do not experience the locali
pairs. Comparing the theory and experiment, it is estima
that I 2 /I 1 ; I 2 /I ; 0.05. Thus the photocurrentI 2 that is
caused by the dissociation of the localized pairs for com
nentA is about 5% of the total photocurrent.

ComponentB has a negligibly weak EDESR intensity a
room temperature. This is mainly because componentB has
much smaller values ofa and b in Eqs. ~2! and ~3! than
componentA, so that the number of localized pairs for th
componentB might be of the same order as that for comp
nentA. However, since the microwave recovery experime
for componentB is not possible at room temperature, th
contribution of componentB to the photocurrent is unknown

The experimental recovery rate has a distribution,
shown in Sec. III B, which indicates that the value ofl2 has
a distribution. This distribution may originate from the di
tribution of D and Wmw . The distribution ofD may be
caused by a distribution of the distance between the elec
and hole, and that ofWmw is attributed to the inhomogeneou
broadening, with which different spin packets have differe
Wmw .

Dyakonovet al. suggested7 that the intersystem crossin
between thec2 andc4 states may give a recombination pa
for the localized pairs in thec2 state. In the present study,
theoretical model with such an intersystem crossing has
been tried. In this case, the theoretical microwave recov
curve becomes an overlap of three exponential compone
and one of the three components shows a decay in the d
tion opposite to the observed direction with a relatively lar
amplitude, which is in contradiction with the experimen
Thus, the effect of the intersystem crossing is neglected
the present system.

y
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Dyakonov, Ro¨sler, and Schwoerer suggested recently18

in order to explain their experimental results
photoluminescence-detected-magnetic-resonance~PLDMR!
for poly-~p-phenylenevinylene! films, that a narrow PLDMR
line at g52 is caused by a recombination channel in wh
the interchain charge-transfer excitons, i.e., the geminate
laron pairs produced by the charge transfer between ne
boring chains from the primary intrachain singlet exciton
relax to intrachain triplet excitons through an electron ba
transfer, followed by a triplet-triplet anihilation to singlet
The present EDESR signal is not attributed to such a trip
triplet anihilation channel because the signal intensity of
present EDESR spectrum shows a linear dependence o
photocurrent or the light intensity in the weak light intens
region, while in the triplet-triplet anihilation mechanism th
signal intensity should be proportional to the square of
photocurrent or the light intensity. In the present model, i
assumed that the recombination rate in the pure triplet st
c1 andc3 in Eqs.~15! and~17! is zero. This does not den
the possibility that the triplet electron-hole pairs relax to t
intramolecular triplet excitons. Similarly, the electron-ho
pairs in thec2 andc4 states in Eqs.~16! and~18! may relax
into intramolecular singlet excitons, since these two sta
contain the u0,0& state. Without triplet-triplet anihilation
however, the decay rate of the triplet excitons to the grou
singlet state should be much smaller than that of the sin
excitons by several orders of magnitude, and also sma
than the direct decay rate of the singlet electron-hole p
into the singlet ground state. Since the triplet excitons har
decay, they may be transformed to triplet electron-hole p
again. Thus the recombination path of the pure triplet s
levelsc1 andc3 is neglected.

Finally, the theoretical analysis for the case of no e
change interaction between the electron and hole is show
the Appendix. In this case, the theoretical microwave rec
ery curve becomes almost identical to that calculated by E
~38! and ~43! when the parameter valuesD, R, Wmw , and
Wsl are the same. Thus it is not possible to judge the e
tence of the exchange interaction by the microwave recov
experiment.

V. DISCUSSION

A. Origin of the two spectral components

The present EDESR study of the H2Pc/C60 heterojunction
shows that two spectral componentsA and B exist with g
52.0018 and 2.0010, respectively. One possibility for
origin of the two components is that the EDESR signals
the electron and hole of the localized pair are detected s
rately. This occurs when the exchange interaction betw
the electron and hole is weaker than the difference of
resonance frequencies of them. In this case, the theore
model described in the Appendix should be applied. In
present power saturation analysis in Fig. 7 for the two co
ponentsA and B at 204 K, aA /aB56.162.3 andCA /CB
51.560.1 are obtained, wherea andC are defined in Eqs
~2! and ~3!. The explicit expression of Eq.~2! would be Eq.
~A19! in the Appendix. If the two componentsA andB are
the spectra of the electron and the hole of the localized p
all the parameter values exceptWmw in Eq. ~A19! should be
the same for componentsA andB, so thatbA /bB andCA /CB
o-
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should be unity, and, sincea is proportional tob, aA /aB
should also be unity. The experimental values ofaA /aB
56.1 andCA /CB51.5 are obviously in contradiction with
this expectation. This indicates that the two componentA
andB are not attributed to the electron and hole of the loc
ized pair. The two spectral components should be attribu
to different types of localized electron-hole pairs, each
which has its own values ofa, b, andC.

The electron and hole in the localized pair for each sp
tral component are exchange coupled for the following r
sons.~1! Each component consists of a nearly Lorentz
single line. If the exchange interaction is weaker than
difference of the resonance frequencies of the electron
hole, the total spin of the pair is not a good quantum num
and the spectra of the electron and the hole should be
served separately,10 which is in contradiction with the ex-
periment. If either the electron or hole has a much lar
spin-lattice relaxation rate than the other, its EDESR sp
trum may be broadened and difficult to detect. However,
present system does not contain any heavy atoms that m
the spin-lattice relaxation rate large through spin-orbit int
action. If the electron and hole have an identicalg value and
linewidth, it may not be possible to distinguish whether t
observed spectrum is an overlap of the two spectra of
electron and hole or the spectrum of the triplet state due
the exchange interaction. In this case, however, any fi
exchange interaction may be sufficient to make the total s
of the electron-hole pair a good quantum number.~2! The
existence of the exchange interaction is quite natural si
the electron and hole of the localized pair should be in cl
proximity so as to take part in the recombination. Assum
that the difference in theg values of the electron and hole
in the order of 0.001, an exchange interaction in the orde
1023 K is strong enough to make the signals of the elect
and hole meet into a single line.10 ~3! In EDESR studies of
most other systems,1,7,9a separate observation of the electr
and hole signals is not reported.~4! The theoretical mode
presented in Sec. IV for the exchange-coupled electron-h
pair can explain the experimental results of the microwa
recovery.

Thus the present EDESR signal is attributed to the mic
wave transition between the triplet sublevels. The triplet E
spectrum usually has a fine structure due to the zero-fi
splitting which spreads over, for example, 100 mT.19 The
present EDESR spectrum, however, does not have su
fine structure, but has a nearly Lorentzian line shape wit
linewidth of ;0.3 mT. This indicates that the present syste
has a negligibly small zero-field splitting. Assuming that t
zero-field splitting is determined by the magnetic dipolar
teraction between the electron and hole in the pair, the sm
zero-field splitting is attributed to a large distance betwe
the electron and hole while they are close enough to be
change coupled. Since the zero-field splitting is smaller th
the linewidth, the electron-hole distance is estimated to
larger than 18 Å. A similar exchange-coupled spin pair w
negligibly small zero-field splitting was reported i
phosphorus-doped silicon.20,21

B. Location of the localized pairs

In the present EDESR spectrum, spin-flip satellites
observed for componentA. The satellites are caused by th
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interaction between the electron~or hole! spin and its sur-
rounding nuclear spins of protons. In the present heteroju
tion, protons exist on the phthalocyanine ring, i.e., two p
tons at the center and 16 at the edge of the ring@Fig. 14~a!#.
The main contribution comes from the edge protons since
shown in Fig. 15~a!, satellites of almost the same intensi
are observed even when H2Pc is replaced by Cu
phthalocyanine~CuPc! which contains no center proton
@Fig. 14~b!#. One possibility may be that the hole of th
localized pair for componentA is a H2Pc1 radical, and an
electron is bound to the hole by the Coulomb interaction
this is the case, theg value of componentA for CuPc/C60
should be different from that for H2Pc/C60, since the CuPc1

radical should have a differentg value from that of the
H2Pc1 radical because of the exchange interaction of
holes with theS5 1

2 spin on the central metal Cu21.22 How-
ever, both componentsA andB of CuPc/C60 have identicalg
values to those of H2Pc/C60, as shown in Fig. 15~b!. Thus the
spins of the localized pair of componentsA and B do not
reside on the Pc rings.

FIG. 14. Structures of~a! H2Pc and~b! CuPc.

FIG. 15. EDESR spectra of a CuPc/C60 heterojunction.~a! X
band at room temperature.~b! K band at 170 K. The broken line fo
b is a simulated one by an overlap of two Lorentzian lines wh
are shown by the dotted lines.
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-
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In Sec. III A, the value ofr /N1/6 was estimated to be 2.6
Å from the satellite intensity, wherer is the distance betwee
the electron~or hole! spin and protons, andN is the number
of the protons surrounding the electron~or hole! spin. An
exact estimation ofN is impossible, but it is expected thatN
should be in a range between 15 and 30 because the pro
responsible for the satellites are the 16 edge protons of
H2Pc ring. ForN515 and 30,r becomes 4.08 and 4.58 Å
respectively. Thus, it is concluded thatr 54.3360.25 Å.
This indicates that the localized pair for componentA is
located close to the H2Pc rings.

The most probable picture of the localized pair is t
bound exciton,23 in which an electron~or hole! is trapped by
a recombination center, which is the lattice imperfection
defect having a deep-gap state, and a hole~or electron! is
weakly bound to the ionized recombination center by
Coulomb interaction. Since only componentA has spin-flip
satellites, the localized pairs for componentsA andB may be
located on the recombination centers in the H2Pc and C60
layers, respectively.

VI. CONCLUSIONS

The EDESR spectrum of the H2Pc/C60 heterojunction
consists of two componentsA andB which haveg values of
2.001860.0002 and 2.001060.0002, respectively. The two
components are attributed to localized electron-hole p
trapped at different types of recombination centers. Com
nentA has spin-flip satellites due to the interaction betwe
the electron~or hole! spin and the surrounding nuclear spi
of protons. From the satellite intensity, the distance betw
the electron~or hole! and the protons is estimated to be 4.
60.25 Å, indicating that the localized pairs for componenA
are located close to the H2Pc rings. By the microwave recov
ery experiment, the spin dynamics of the localized pair
componentA was investigated. A theoretical model of th
spin-dependent recombination of an exchange-coup
electron-hole pair explains the experimental results of
microwave recovery. By the theoretical analysis, it w
found thatR * 13106 s21 and D1Wsl56.2 (60.8)3104

s21. The photocurrentI 2 that is caused by the dissociation
the localized pairs for componentA is about 5% of the total
photocurrent.

APPENDIX: THEORETICAL MODEL IN THE CASE
OF NO EXCHANGE INTERACTION

In this appendix, a theoretical model of spin-depend
recombination in the case of negligibly weak exchange in
action between the electron and hole is developed. In
case,Sez andShz become good quantum numbers, whereSez
andShz are thez components of the spins of the electron a
hole, respectively. Figure 16 shows the four spin states of
localized electron-hole pair, which areuSez,Shz)5u 1

2 , 1
2 ),

u 1
2 ,2 1

2 ), u2 1
2 , 1

2 ) and u2 1
2 ,2 1

2 ). The populationsni ( i
51 – 4) for these spin states obey the following rate eq
tions:

dn1

dt
5K2Dn12~Wmw

e 1Wsl
e !~n12n3!

2~Wmw
h 1Wsl

h !~n12n2! , ~A1!
h
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dn2

dt
5K2Dn22Rn22~Wmw

e 1Wsl
e !

3~n22n4!2~Wmw
h 1Wsl

h !~n22n1! , ~A2!

dn3

dt
5K2Dn32Rn32~Wmw

e 1Wsl
e !

3~n32n1!2~Wmw
h 1Wsl

h !~n32n4! , ~A3!

dn4

dt
5K2Dn42~Wmw

e 1Wsl
e !~n42n2!

2~Wmw
h 1Wsl

h !~n42n3! . ~A4!

In Eqs. ~A1!–~A4!, K is the population rate of each sp
state.D is the dissociation rate of the localized pair.R is the
recombination rate of the electron and the hole which occ

only in the antiparallel spin statesu 1
2 ,2 1

2 ) and u2 1
2 , 1

2 ), be-
cause these states are expressed as linear combinations
singlet and triplet configurations, and the recombination
occur in the singlet configuration.Wmw

e (Wmw
h ) and

Wsl
e (Wsl

h ) are the rates of the microwave transition and
spin-lattice relaxation, respectively, of the electron~hole!
spin.

DefiningNp andNa as the populations of the parallel an
the antiparallel states, i.e.,

Np5n11n4 , ~A5!

Na5n21n3 , ~A6!

Eqs.~A1!–~A4! reduce to the following two rate equation

dNp

dt
52K2~D1W!Np1WNa , ~A7!

dNa

dt
52K2~D1R1W!Na1WNp , ~A8!

FIG. 16. Energy levels of a localized electron-hole pair in t
case of no exchange interaction, and the processes that dete
the populationsni ( i 51 – 4) of the four spin states.K: Population
rate.D: Dissociation rate.R: Recombination rate.Wmw

e andWmw
h :

Microwave transition rates of the electron and the hole.Wsl
e and

Wsl
h : Spin lattice relaxation rates.
rs
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where

W5Wmw1Wsl , ~A9!

with

Wmw5Wmw
e 1Wmw

h ~A10!

and

Wsl5Wsl
e 1Wsl

h . ~A11!

Solving Eqs.~A7! and~A8! in a similar manner to that in
Sec. IV, the time dependence of the photocurrentI 2 after
turning on the microwave att50 becomes

I 2~ t !5I 202C1e2l1t1C2e2l2t , ~A12!

where

l1,25D1W1
R

2
6AW21S R

2 D 2

, ~A13!

with

I 205
2eKD~4W12D1R!

D~D1R!1~2D1R!W
, ~A14!

and

C1,25
eKDWmw

Qa@Qa1~2D1R!Wmw#

W1
R

2
7AW21S R

2
D 2

W

3FR S DR

2
1WD1WRD

AW21S R

2
D 2

6 DRG , ~A15!

where

Qa5D~D1R!1~2D1R!Wsl . ~A16!

In Eq. ~A12!, relationsl1.l2 and 0,C1,C2 hold.
On the other hand, the time dependence ofI 28 , after turn-

ing off the microwave att50, becomes

I 28~ t !5I 208 1C18e
2l18t2C28e

2l28t , ~A17!

where the primed quantities are calculated using Eqs.~A13!–
~A15! by replacing W with Wsl . Relations l18.l28 and
0,C18,C28 again hold. Thus Eqs.~A12! and ~A17! are the
theoretical expressions for the microwave recovery cur
after turning the microwave on and off, respectively.

The EDESR signal intensityV corresponds to the differ
ence ofI 28(`) and I 2(`), so that

V5I 208 2I 205
2eKDR2

Qa~2D1R!

2D1R

Qa
Wmw

11
2D1R

Qa
Wmw

, ~A18!

which has the same form as Eq.~2!.
When the serial resistance of the detection circuit in Fig

is large, the effect of the response rate of the circuit is

ine
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negligible. In this case, Eq.~11! in Sec. IV must be simulta-
neously solved with Eqs.~A7! and ~A8!, and the EDESR
intensityV becomes

V5

1
2 keGDR2Wc

P2F2

F2

P2
Wmw

11
F2

P2
Wmw

, ~A19!
.

l.
where

P25 1
2 k~DR12RWsl!1WcQa , ~A20!

F25kR1Wc~2D1R! . ~A21!
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