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Theory of time-domain measurement of spin-dependent recombination with
pulsed electrically detected magnetic resonance

Christoph Boehme* and Klaus Lips
Hahn-Meitner-Institut Berlin, Kekule´str. 5, D-12489 Berlin, Germany

~Received 15 July 2003; published 8 December 2003!

The theoretical foundations of the time domain measurement of spin-dependent charge carrier recombination
by means of pulsed electrically detected magnetic resonance~EDMR! are outlined. Pulsed EDMR is based on
the transient measurement of electrical currents in semiconductors after a coherent manipulation of paramag-
netic centers with pulsed electron spin resonance~ESR!. A model of spin-dependent recombination is intro-
duced combining features of previous models into one general picture that takes influences by spin-relaxation,
singlet and triplet recombination as well as spin-spin interactions within recombining charge carrier pairs into
account. Based thereon, predictions for excess charge carrier currents after short coherent pulse ESR excita-
tions are made which show that spin coherence in semiconductors can be observed by means of current
measurements and hence, microscopic, quantitative information about charge carrier recombination dynamics
by means of pulsed EDMR is attainable.
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I. INTRODUCTION

Magnetic resonance experiments such as electron
resonance~ESR! or nuclear magnetic resonance allow acc
to microscopic information about paramagnetic defects
semiconductors. In spite of this, it is difficult to obtain info
mation about the involvement of these defects in electro
transitions such as transport or recombination of exc
charge carriers for instance. Therefore, experimental m
ods have been developed in the past that combine the m
scopic sensitivity and selectivity of magnetic resonance
periments with other methods like photoluminescence~PL!
or photoconductivity~PC! measurements. These combin
experiments, often referred to as optically or electrically d
tected magnetic resonance~ODMR, EDMR! take advantage
of the spin dependency of electronic transitions which m
exist in the presence of spin-selection rules. The discover
spin-dependent recombination processes goes back to
first ODMR experiments carried out by Geschwindet al. in
1959.1,2 In these experiments, spin configurations of exci
electronic states were manipulated with ESR, which led t
change of the decay rate that could be observed by PL.
tially, ODMR was carried out as continuous wave~cw! ex-
periment. In the mid 1970s however, first transient ODM
experiments were made which allowed the measuremen
spin coherence through transient PL experiments.3 The time
domain measurement of ODMR enhances the informa
attainable from this method strongly, revealing informati
such as coherence times and therefore transition probabi
or Landé-factor differences and spin-spin interactions with
spin pairs. Soon after its development, transient ODMR
came a frequently utilized method for chemical react
analysis and with the advent of commercially availab
pulsed ESR spectrometers in the early 1980s, optically
tected electron spin-echo techniques4–7 and optically de-
tected Rabi-beat oscillations8 were used for the investigatio
of atomic and molecular systems.

All of these developments in the ODMR community ha
0163-1829/2003/68~24!/245105~19!/$20.00 68 2451
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had only limited impact on EDMR and semiconductor r
search. While cw ODMR has been used also for the inve
gation of charge carrier recombination, pulsed ODMR
most semiconductors is difficult since longer waveleng
~near IR! are hard to detect on fast time scales and the P
weak in some materials. Moreover, ODMR intensities do
necessarily reflect the dominant charge carrier recomb
tion: Some radiative processes do not contribute to
~geminate recombination! while other transitions that do con
tribute are not radiative.

Thus, in order to investigate the influence of spi
dependent transitions on a sample conductivity direc
EDMR has to be carried out. Its development followed t
ODMR method with a decade delay and was started by M
well and Honig9 who investigated the impact of ESR o
spin-dependent scattering of charge carriers at impuritie
1966. The first spin-dependent recombination path was
served with EDMR by Lepine at the beginning of th
1970s.10,11 When Lepine equalized the densities of localiz
charge-carrier pairs in triplet states and pairs with sing
content, an enhancement of the singlet density and henc
the recombination took place. The latter was detected by
measurements. Since these first experiments were ca
out, various recombination paths in inorganic12–19 and
organic20–22 semiconductors, semiconductor heter
structures23,24 and devices,25–28 as well as interface
systems,29 were investigated with EDMR and much insig
into the nature of spin–dependent recombination has b
gained.

While the development of time-resolved ODMR pr
gressed along with the development of pulse ESR spect
copy, pulsed EDMR is still a new and underdevelop
method. The reasons for this are related to the multiple c
lenges with regard to a sophisticated coherent ESR exp
ment that has to be carried out on a conducting~and there-
fore microwave absorbing! sample and an appropriat
detection setup for the subtle current changes which occu
a short time scale. In addition to these technical problems
theory about the effects and processes which can potent
©2003 The American Physical Society05-1
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become visible by ‘‘pulsed EDMR’’ has been existing. A fir
time-domain approach to standard cw EDMR had been
ried out in 1999 by Hiromitsuet al.21 who recorded the ex
ponential relaxation of a photocurrent through a polym
fullerene heterojunction during and after a reson
microwave radiation had been imposed on the material
these experiments, the microwave intensities and the t
resolution were too low for the detection of coherent ph
nomena. Applied to other semiconductor systems, a trans
measurement of cw EDMR can only reveal spin-relaxat
rates — an information that can just as well be obtained
ESR.30 Because of this, first experimental pulse EDMR e
periments were undertaken,31–33demonstrating that short an
coherent ESR excitation can lead to detectable recomb
tion changes and that by means of pulse length depend
measurements34 spin coherence can be observed.

The goal of the study presented in the following sectio
is to provide a theoretical foundation for the pulsed EDM
experiments on recombination processes in order to ha
basis for the interpretation of experimental results. Motiv
tion of this work is to open up the experimental doors
EDMR to the world of coherent spin motion in order to ma
at least some of the wide range of effects utilized for puls
ODMR and pulsed ESR available for the investigation
charge carrier recombination as well. Point of departure
this work is the formulation of a general model for the d
namics of spin-dependent recombination that unifies qua
tive features of many models developed in the past
years10,11,35–43,12into one set of properties. The insight o
tained from the theoretical descriptions will then lead to
assessment of the experimental feasibility of coherent s
motion measurements with recombination. This will lead
the description and the theoretical justification of the pu
EDMR experiment, where the dynamics of charge car
spin pairs during an ESR pulse can be measured. He
with the theoretical basis for the time-domain measurem
of spin-dependent recombination given, an interpretation
experimental data that has already been reported on in
literature31–34 will be possible.

II. A GENERAL MODEL

After the first observation of conductivity related effec
due to spin-dependent recombination by Lepine10,11the num-
ber of qualitative models for the explanation of these mec
nisms has risen with the increasing experimental evidenc
them in many semiconductor materials and devices.
original explanation given by Lepine is a simple therm
polarization model which predicted signal intensities qu
dratically dependent on the ratio of the applied magne
field and the temperature. Moreover, at room temperature
X-band EDMR experiment which is carried out atB'345
mT would show a relative recombination changeDR/R of
less than 1026. These predictions were soon contradicted
experimental data11,19,25 which could not confirm the qua
dratic dependency ofDR/R on theB0 field and on tempera
ture and which revealed values ofDR/R that were as much
as two orders of magnitude stronger than predicted. He
polarization effects, which may or may not have an influen
24510
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are usually buried under a much stronger signal.
The realization that Lepine’s model could not account

the given observations sparked the development of a se
of other approaches throughout the 1970s. Initially, other
larization models were developed, which attempted to t
the huge signal into account by the assumption that~a! ef-
fective spins larger then 1/2 could exist due to ferromagn
exchange35 that~b! clusters of paramagnetic centers, strong
coupled by exchange interaction, could exist36 or that ~c!
multiphonon self trapping processes, which increase rec
bination through resonant heating37 are the origin of the ob-
served effects. However, all these models could not exp
the absence of theT22 dependence and the first nonpolariz
tion models were developed: Wosinski and Figielski38 at-
tempted to explain the EDMR data by exchange coup
centers in dislocations. Mendzet al.39,40 described a picture
where a combination of spin-dependent recombination
spin-dependent trapping would cause the observed beha
Again, both proposals also led to contradictive temperat
dependencies.

In 1978, Kaplan, Solomon, and Mott41 developed anothe
model of spin-dependent recombination~KSM model!. In
this proposal the qualitative properties were similar to tho
of the original simple model by Lepine. The spin dependen
was solely based on spin conservation imposed by w
spin-orbit coupling as present for instance in crystalline s
con. The crucial difference to Lepine’s model was the id
that intermediate pairs of charge carriers out of which a
combination of the two pair partners is possible would ex
prior the the actual recombination transition. The importa
qualitative feature of the intermediate pair is its exclusivi
The two pair partners may or may not recombine at a giv
moment; however, before they can recombine with any ot
charge carrier not involved in the existing pair, the pair has
dissociate and new pairs with new partners have to form
the KSM model, the exclusivity is the only defining proper
of a given pair system, which means pairs can be tigh
bound electronic states such as excitons as well as elec
hole pairs trapped at two localized band gap states which
in close proximity. In this case, the exclusivity is given b
the high transition probability between nearest neighbors

The advent of the KSM model marked a strong advan
in the understanding of spin-dependent recombination w
regard to the large signal, the temperature and the magn
field dependence. Its simplicity and generality make it eas
applicable to many materials. While the idea of the interm
diate pairs solved many questions about spin-dependen
combination, it also raised new ones such as of the existe
of spin interactions within a pair or of interactions betwe
different pairs. The Kaplan, Solomon, and Mott assumpt
that the interaction between the pair partners is weak in
case can certainly not be generalized since spin-spin inte
tion is highly dependent on the nature of a given pair syste
In addition, triplet recombination was assumed to be ne
gible as well, an assumption whose validity depends
whether spin-orbit coupling is negligible or not. Hence, af
the proposal of the pair model, various other models f
lowed dealing with these additional aspects of sp
dependent recombination, most of which, however, util
5-2



I
a

de
b
T
k
c
h

th
o
fo
fo

es

of
co
v
l

sy
s

tu
d
d

b
ia
ih
.
vi
er
dy
e

hi
ot
r
e
ly

ve

in
an
on

se
in
i-

an
a

the

lu-
on
lly

ion
ist-
one

ics
irs

e 1
the

ob-
-
-
f a

den-
/2
a 4
of

m-
nd
e-
-
s as

l

tion
ter.

xist
airs
spin
our
hich

THEORY OF TIME-DOMAIN MEASUREMENT OF SPIN- . . . PHYSICAL REVIEW B 68, 245105 ~2003!
the idea of intermediate pairs in one or the other way.
1980, Movagharet al. proposed a pair model in which
finite triplet recombination probability was introduced.44

This assumption implies that ESR changes of spin-depen
recombination can actually lead to a quenching of recom
nation and hence, an enhancement of the photocurrent.
idea of triplet recombination was later pursued by Vlasen
et al.45 The question for the relevance of spin-spin intera
tions such as spin-exchange and spin-dipole coupling
been discussed in recent years by Fukuiet al.46 and Eick-
elkampet al.20 Both studies outline how a base change of
four energy eigenstates of spin pairs can influence the rec
bination probabilities. Another important issue, especially
the understanding of EDMR line shapes, is the question
the influence of spin relaxation. A field that has been inv
tigated in the early 1990s by Lips47 and by Barabanovet
al.48–50

In the following, a qualitative model for the description
the nonsteady state of spin-dependent charge carrier re
bination is outlined. It combines many aspects of the pre
ous models mentioned above in order to be as genera
possible and, therefore, applicable to as many different
tems as possible. Based on this approach, this model ha
following qualitative properties:

~1! Spin-dependent recombination takes place in the pic
of Kaplan, Solomon, and Mott: Before an electron an
hole annihilate in a single electronic state, an interme
ate pair state is formed.

~2! After intermediate pairs are generated, they can only
destroyed by recombination transitions or pair dissoc
tion. In the latter case, the pair partners are not ann
lated and can return to the charge carrier ensembles

~3! The charge carrier density and hence, the conducti
are considered to be in a steady state with pair gen
tion, dissociation, and recombination. Therefore, the
namics of spin-dependent recombination is govern
solely by the spin dynamics of the pair ensemble. T
assumption is reasonable as long as the relative ph
current changes are small enough, such that second o
effects are negligible — a condition which is, to th
knowledge of the authors, fulfilled by all experimental
observed spin-dependent recombination paths.

~4! The intermediate pairs are systems of twoS51/2 spins
that have four spin eigenstates with respect to a gi
observable.

~5! Within a pair, spin-spin interactions such as sp
exchange and spin-dipole interaction are possible
can have an impact on recombination. The interacti
are determined by the nature of a given pair.

~6! Spin-dependent recombination is caused by spin con
vation due to weak but in general not negligible sp
orbit coupling. Hence, the possibility of triplet recomb
nation has to be taken into account.

~7! The interaction of a spin pair with its environment c
cause spin relaxation. The impact of spin-phonon sc
tering ~spin-lattice relaxation! and dipolar coupling to
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spins in the environment of a pair~spin-spin relaxation!
can therefore also influence the transient behavior of
recombination rate.

With the qualitative assumptions given above, the evo
tion of the recombination at a certain time depends solely
the evolution of the spin pairs. This approach dramatica
simplifies the creation of an appropriate equation of mot
for the given many-particle system because the set of ex
ing spin pairs at any given time can be considered as
entity, a quantum ensemble of equal systems. The dynam
of this ensemble state is determined by the individual pa
whose evolutions depend on their pair Hamiltonian. Figur
depicts the schematics of this model: External changes of
ensemble are due to the generation of pairs at equal ratesG/4
for any of the four eigenstates and recombination at the pr
abilities r i for pairs in eigenstatesu i & as well as the dissocia
tion of pairs with probabilityd. Mathematically, the dynam
ics of the pair ensemble can be described in terms o
stochastic Liouville equation,

] tr̂5
i

\
@r̂,Ĥ#21S@ r̂#1R$r̂2 r̂0%, ~1!

in which the state of the ensemble is represented by the
sity operatorr̂5 r̂(t). This operator describes a two spin 1
system with four eigenstates and can be represented by
34 matrix by choice of an arbitrary base set. The use
stochastic Liouville equations for the description of reco
bining spin pairs was originally developed by Haberkorn a
Dietz51 and applied to systems with non-negligible spin r
laxation by Barabanovet al.48–50 In these studies, the Liou
ville equations were only solved for steady state system
given in conventional continuous wave~cw! EDMR experi-
ments.

The HamiltonianĤ in Eq. ~1! describes a single system
while the stochastic operatorS represents the externa

FIG. 1. The general picture of spin-dependent recombina
illustrated for the example of recombination at a deep level cen
Before an electron~solid circle! and a hole~open circle! can recom-
bine, intermediate spin pairs are formed temporarily which can e
in any of four energy eigenstates. The transition from these p
into a singlet state makes the entire recombination process
dependent. The illustration sketched in the circle depicts the f
eigenstates of a spin pair and the spontaneous transitions by w
it is created and annihilated.
5-3
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C. BOEHME AND K. LIPS PHYSICAL REVIEW B68, 245105 ~2003!
changes of the ensemble. The latter are creation and an
lation rates which are a source of incoherence for the
semble state. This treatment of pair generation, recomb
tion and dissociation is justified since these processes
spontaneous energy transitions in the system described
nally, the operatorR in Eq. 1 describes influences of sp
relaxation.

Once the time-dependent solutionr̂(t) of Eq. ~1! is found,
the pair recombination, and thus the photocurrent transi
can be obtained directly due to assumption~3! of the quan-
titative model described above. With assumption~6!, the re-
combination rateR(t) becomes the sum of all singlet an
triplet transitions

R~ t !5r S Tr@ uS&^Sur̂~ t !#1r T (
i 521

1

Tr@ uTi&^Ti ur̂~ t !# ~2!

which is dependent on the products of the transition pr
abilities r i and the respective state densities. Since disso
tion is assumed to be spin independent, its rateD(t)
5d Tr@ r̂(t)# is just a simple product of the dissociatio
probability and the spin-pair density. Another consequenc
assumption~3! is that the generation rateG of spin pairs can
be considered constant. Experimentally, a constant ch
carrier generation rate is achieved by using a cw light sou
Note that this rate is not necessarily equal to the spin-
generation rate. The latter depends on the charge carrier
sities that are to be changed due to recombination. Thus,G is
only constant to the first order; however, with relative cha
carrier changes of less than 1022, the second order contribu
tions are negligible. Hence, the changes of the electron
hole densities

Dne~ t !5tLDD~ t !5tL@D~ t !2DS#,
~3!

Dnh~ t !52tLDR~ t !5tL@RS2R~ t !#,

are determined by the dissociation changeDD(t) and the
recombination changeDR(t) that are the differences of th
dissociation and recombination rates from their steady s
valuesDS andRS , respectively.

Equation ~3! implies a proportionality of charge carrie
density and lifetime. Together with Eq.~4! discussed below
we will even assume a proportionality between lifetimes a
photoconductivity. Note that this assumption is valid in ge
eral even for systems without proportional PC response s
only small changes are introduced and therefore, the
sponse functions are valid only to the first order. Note a
that, for the same reason, the lifetimetL of the charge carri-
ers in Eq.~3! which is the average lifetime depending on
recombination processes that take place, can be consid
constant, too.

Since the PCsph depends on the charge carrier densiti
the change of the transient PC due to the influence of
dynamics of a spin-dependent recombination mechanism
comes

Dsph~ t !5e@Dne~ t !me1Dnh~ t !mh#, ~4!
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whereine is the elementary charge andm i the mobility of
electrons and holes, respectively. This set of simple eq
tions @Eqs. ~2!–~4!# provides a connection between the d
namics of the spin-pair ensemble and an experimentally
cessible parameter, the conductivity or the current of exc
charge carriers. This will be utilized for predictions of co
ductivity transients during pulse EDMR experiments.

A. Hamiltonian of spin pair

The HamiltonianĤ of an intermediate spin pair can b
split into a time-independent and a time-dependent contr
tion Ĥ(t)5Ĥ01Ĥ1(t) which represent the interactions of
pair system without the presence of an external radia
field and the radiation field, respectively. The interactions
the pair with the surrounding ensemble of many other pa
could actually be taken into account by a third contributio
a random fluctuation Hamiltonian. However, as outlined b
low, this has already been accounted for by the Redfi
operatorR in the Liouville equation. The first part

Ĥ05mBgaŜa•B1mBgbŜb•B2JŜa•Ŝb2Dd@3Sa
zSb

z2Ŝa•Ŝb#
~5!

consists of the Zeeman interactiongimBŜi"B of the two pair
partnersa andb, the exchange coupling with coupling con
stantJ as well as the dipolar interaction with coupling co
stantDd taken into account in the high field approximatio
(uDdu!ugimBBu). Note that nuclear interactions of the tw
electronic spins are not considered in Eq.~5!. The latter may
play a role when the spin-dependent recombination ta
place in the vicinity of nuclear spins withIÞ0 such as re-
combination through phosphorus donor states. This howe
is not discussed any further and considered negligible in
study. If the unperturbed, time-independent Hamiltonian
Eq. ~5! is represented by a nondiagonal matrix in the prod
base u↑↑&, u↓↑&, u↑↓&, u↓↓&, it can be diagonalized by a
unitary transformation

Ũ5S 1 0 0 0

0 cos~f! sin~f! 0

0 2sin~f! cos~f! 0

0 0 0 1

D ~6!

into the base of energy eigenstatesuT1&, u2&, u3&, anduT2&
~indicated in Fig. 1!. Note thatŨ leaves the two statesuT
1&5u↑↑& and uT2&5u↓↓& unchanged. As the spin-spin in
teractions increase, the statesu2& and u3& change continu-
ously from product states with mixed symmetry propert
into uS& and uT0& states with purely antisymmetric and sym
metric permutation behavior, respectively. This can be s
from the expression for the argument

f5
1

2
arcsinS J1Dd

\vD
D ~7!

of the transformation matrix which approachesp/4 as the
spin interactions go to infinity. The Hamiltonian in the eige
base becomes a diagonal matrix
5-4
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whose elements represent the energy eigenvalues of the
states. In this form, the variablevD stands for the half of the
frequency separation of the statesu2& and u3&

vD5A~J1Dd!2

\2
1

Dv2

4
~9!

andv05va1vb andDv5va2vb are the sum and the dif
ference of the pair partners’ Larmor frequencies. The la
correspond to the energy splitting

\v i5gimBB0 ~10!

between the two spin states of each pair partner which
proportional to the externally applied magnetic fie
B0,Bohr’s magnetonmB and the Lande´ factorsgi . Note that
the Larmor frequencies are different in general due to
different effective Lande´ factors of the two pair partnersa
andb.

The second, time-dependent partĤ1(t) of the Hamil-
tonian describes the electromagnetic radiation imposed
the pair as is the case, when an ESR microwave is used
the manipulation of the pair ensemble. The radiation at
location of the spin pair causes an oscillating magnetic fi

B1~ t !5 x̂B1e(2 ivt) ~11!

with frequencyv and field amplitudeB1. In the frame of the
rotating magnetic field, also called a rotating Bloch sph
representation~see Ref. 52!, the radiation amplitude behave
like a constant magnetic field vector so that the Hamilton

Ĥ15gamBŜa•B11gbmBŜb•B1 ~12!

becomes time independent as well. With the introduction
Ĥ1, all necessary parts of the Hamiltonian needed for
description of EDMR experiments are given.

B. Electronic transitions

As outlined above, spin pairs are assumed to recombin
different probabilitiesr S and r T out of pure singlet~pairs
with pure permutation antisymmetry! and triplet states~pure
permutation symmetry!, respectively. Due to the base chan
induced by spin-spin interaction, the recombination from
u2&- and u3&-energy eigenstates in Fig. 1 will have differe
recombination probabilities

r i5r Su^ i uS&u21r Tu^ i uT0&u2 ~13!
24510
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which, under consideration of Eqs.~6! and ~7!, can be writ-
ten as

r T15r T ,

r 25
r S

2 F12
J1Dd

\vD
G1

r T

2 F11
J1Dd

\vD
G ,

r 35
r S

2 F11
J1Dd

\vD
G1

r T

2 F12
J1Dd

\vD
G ,

r T25r T . ~14!

Note that the two unchanged statesu↑↑&5uT1& and u↓↓&
5uT2& retain their recombination probabilityr T , indepen-
dently from the strength of spin-spin interactions. Equat
~14! shows that recombination from spin pairs strongly d
pends on the spin-spin interactions and the Larmor sep
tion whenr T!r S . With the introduction of these eigensta
recombination probabilities, the annihilation partSan@ r̂(t)#

of the stochastic termS@ r̂(t)#5San@ r̂(t)#1Scr@ r̂(t)# in the
Liouville Eq. ~1! simplifies drastically and in the base o
energy eigenstates and under consideration of the reco
nation term as defined by Haberkorn and Dietz,51 its matrix
elements become

$San@ r̂~ t !#% i j 5H (
k51

4
r k1d

2
@ uk&^ku,r̂ #1J

i j

5~r i1r j12d!
r i j

2
. ~15!

Similarly, the expression for the pair recombination rate@Eq.
~2!# simplifies to the term

R~ t !5(
i 51

4

r ir i i ~16!

which leads together with Eq.~4! to a general expression

Dsph~ t !5etLdme(
i 51

4

@r i i ~ t !2r i i
S#S 12

r i

d

mh

me
D ~17!

for the transient photocurrent changeDsph induced by a
resonant microwave field. This result reveals a quite n
insight: The sign of the PC change induced by a change
the spin-pair ensemble out of its steady stater̂S depends on
5-5
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C. BOEHME AND K. LIPS PHYSICAL REVIEW B68, 245105 ~2003!
the recombination and dissociation probability as well as
electron and hole mobilities. Therefore, the presence of fi
triplet recombination and spin-spin interactions can de
mine whether an ESR-excited spin-dependent recombina
path causes a photocurrent increase~enhancement! or de-
crease~quenching!. This is in contrast to the models de
scribed in Refs. 41,13, and 47 in which the steady state of
pair recombination always marked a minimum and ES
excited photocurrent changes could only introduce photo
rent quenching. A recombination quenching due to ESR
teraction has been described before by Movagharet al.44

However, this effect is solely due to the existence of no
negligible triplet recombination unlike the quenching effe
described above that can exist in absence of triplet recom
nation as well.

III. CONCEPTUAL IDEA OF A PULSED EDMR
EXPERIMENT

Based on the general model and mathematical founda
described above, predictions for the transient behavior o
spin-dependent recombination mechanism during and aft
strong resonant microwave interaction can be calcula
‘‘Strong’’ in this regard means that the intensity, and hen
the radiation fieldB1 of the resonant microwave is hig
enough such that a significant motion of a given spin pair
take place before a spontaneous~‘‘incoherent’’! process oc-
curs. The motivation for the observation of coherent s
motion lies in the range of information that can be obtain
from it. Since observation implies incoherence, the decay
an observable that represents a coherent propagation re
coherence times — in the case of recombination an imp
tant parameter.

First however, an overview shall be given about the pu
EDMR experiment that allows the measurement of the tim
domain of spin-dependent recombination. The main ide
to obtain information about spin-dependent recombination
a given semiconductor material by measuring the exc
charge carrier conductivity transient after an intensive mic
wave burst. Figure 2 is an illustration of the temporal dev
opment of the spin ensemble and the recombination du
an experimental shot on a logarithmic time scale. Note t
the displayed plots neither represent experimental nor si
lated data. They are intended to visualize the different p
cesses that take place during and after a microwave pul
imposed on one or both partners of a given spin-pair
semble. The explanation of these processes is the ce
point of this study.

Before the experiment is started, the pair ensemble ha
be brought into a defined initial state. The easiest way to
this is to allow the system to relax into its steady state
application of continuous light irradiation, a constant ma
netic field and an applied constant voltage@Fig. 2~a!#. Since
spin pairs are always generated in energy eigenstates~gen-
eration is an incoherent process in the sense of the defin
given above!, only a few pairs with singlet content will exis
in the steady state and thus the defined initial conditions
given. Note that the time which a given pair ensemble ne
in order to develop a steady state, is the parameter that p
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a lower limit on the length of the shot repetition time b
tween two consecutive experiments. The initial steady s
of the photocurrent as well as the eigenstates of the spin-
ensemble are illustrated in Fig. 2~a! in the time domain, be-
fore the resonant microwave pulse begins.

When a microwave radiation with a frequency close to
Larmor frequencies of either one or both spin-pair partner
switched on, the spins begin to precess about the net m
netic field consisting of the externally applied magnetic fie
B0 and the microwave fieldB1. This Rabi oscillation is illus-
trated in Fig. 2~b! and can be easily described by means
rotation operators as it will be shown in Sec. V. The differe
Rabi precessions of the two spin-pair partners and the re
ing oscillation of the recombination rate is illustrated in tim
domain~b! of Fig. 2. It takes place as long as the microwa
is switched on and it is a purely coherent process when
microwave pulse length is much shorter than recombina
times and spin-relaxation times.

After the microwave burst, the Rabi oscillation stops a
the pairs will no longer be in energy eigenstates. Becaus
this, the spin pairs will carry out Larmor oscillation which
the precession about the constant magnetic field that rem
applied. Due to the different Larmor frequencies of the p
partners, a Larmor-beat oscillation will take place that is
flected by the recombination rate. The influence of Larm
beats of charge carrier pairs after ESR excitation on rec
bination rates has been studied before by Boehmeet al.53

The central message in this study is that material and m
netic field inhomogeneities lead to distributions of t
Larmor-beat frequencies within the pair ensemble and a
dephasing is likely. This implies that an oscillation of th
recombination rate after an ESR excitation is likely to
attenuated rapidly, much faster than recombination is abl

FIG. 2. The sketch of the conceptual time line of the puls
EDMR experiment. A microwave pulse causes Rabi oscillation~b!
that changes the pair ensemble from the steady state~a!. Because of
this, fast dephasing Larmor oscillation takes place after the p
~c!. When the spin ensemble is dephased, the recombination ra
solely determined by incoherent processes which lead to a ch
of the recombination rate increase right after the pulse into a t
porary recombination quenching~d! before the ensemble relaxe
back to its steady state~e!. Note that the figure is just an illustratio
that does not reflect any experimental or simulated data.
5-6
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THEORY OF TIME-DOMAIN MEASUREMENT OF SPIN- . . . PHYSICAL REVIEW B 68, 245105 ~2003!
reflect. The Larmor-beat oscillation and the subsequ
dephasing are depicted in the domain~c! of Fig. 2. Once the
dephasing has prevailed, coherent spin motion cannot b
flected by the recombination rate anymore. Because of
the further evolution of the recombination rate is determin
solely by incoherent processes: New spin pairs are gener
in eigenstates and the subensemble of spin pairs in none
states gradually disappears due to recombination and d
ciation. Since the dephasing leads to a complete cancella
of all phase information, the description of these incoher
processes can be done with simple rate equations. With
gard to the density matrix description of the spin pair e
semble, this means that all 12 off-diagonal elements van
and only the four diagonal elements are sufficient to desc
the dynamics of the pair ensemble accurately. Due to
presence of three different recombination probabilit
(r T , r 2 , r 3) in addition to the spin relaxation and pair di
sociation, the return of the recombination rate back to
steady state turns out to follow a multiexponential transi
and, as will be shown, it can even lead to temporary quen
ing of the recombination rate relative to the steady state
depicted in time domain~d! of Fig. 2. Remarkably, the mag
nitudes of the different exponential functions turn out to
dependent on the spin-state densities in the moment whe
pulse interaction ends. This realization, which is explained
detail in Sec. IV C paves the way to the measuremen
coherent spin motion by means of PC measurements:
experiments where a small signal amplitude prohibits a t
resolution in the nanosecond time domain, the transient
havior during the microwave pulse can be reconstruc
from the photocurrent transient in thems range.

In the following section, a description is given that ou
lines how the PC relaxation due to slow, incoherent reco
bination transitions after a coherent ESR excitation depe
on the state of the ensemble right after the microwave pu
Once this connection between the photocurrent and the
semble state is made, a section dealing with the cohe
propagation during the microwave irradiation~the Rabi os-
cillation! will follow. Thus, it will be possible to give a com
plete description on how to extract information about a
combination channel and the coherent spin-motion
charge-carrier pairs from the magnetic field sweep, pu
lengths and intensity dependencies of pulse EDMR exp
ments.

IV. INCOHERENCE

The processes involved in the slow photocurrent rel
ation after a short ESR excitation of the spin-pair ensem
are illustrated in the rate picture of Fig. 1. Therein, the eig
state densities are represented by the diagonal elemen
the density matrixr. Note again, that the applicability of thi
picture requires that phase loss within the ensemble du
strong Larmor dephasing has prevailed53 such that all off-
diagonal matrix elements vanish.

In the rate picture of Fig. 1, no spin-lattice relaxation h
been taken into account. Since spin-lattice relaxation i
phonon-scattering process,30 it can generally be controlled b
the temperature at which an experiment is carried out. I
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assumed in the following, that the experiments described
carried out at sufficiently low temperatures such that
spin-lattice relaxation does not play a role. The absence
spin-lattice transitions reduces the number of incoherent p
cesses that influence the recombination transients to s
spin relaxation and the electronic transitions such as
recombination and dissociation. This simplifies the data
terpretation of experiments and also the theoretical consi
ations here.

A. Influence of spin-spin relaxation

Spin-spin relaxation transitions cannot be neglected
general, since they are faster than spin-lattice processes
much less temperature dependent and hence less contro
by experimental conditions. As illustrated in Fig. 1, spin-sp
relaxation causes transitions between statesu2& andu3& only.
This can be deduced from the a generalized relaxation the
developed by Redfield54,55which is based on a description o
relaxation by means of a fluctuation Hamiltonian that im
poses a perturbation of a given system. The insight gaine
this quantum mechanical approach is not surprising: Un
spin-lattice relaxation which is an energy transfer proc
where energy from phonons is absorbed into Zeeman le
or vice versa, spin-spin relaxation processes are rather ph
relaxation processes.

B. Influence of recombination and dissociation

From the rate picture given in Fig. 1, an ODE system

] tr11,445
G

4
2~d1r T!r11,44,

~18!

] tr22,335
G

4
2S d1r 2,31

1

T2
D r22,331

r33,22

T2
,

can be formulated which has a constant coefficient mat
Note again that now, all the off-diagonal density matrix e
ments are ignored since total phase loss is assumed.
solution of this ODE system can be obtained by addition
the general solution of the inhomogeneous system to
steady-state solution of the inhomogeneous system.
steady state solution

r11,44
S 5

G

4

1

d1r T
,

~19!

r22,33
S 5

G

4

2

T2
1d1r 3,2

d21r 2d1
2d

T2
1r 3d1r 2r 31

r 3

T2
1

r 2

T2

,

is indicative of the nonequilibrium situation that exists, wh
different recombination probabilities are present. As e
pected, whenr S@r T ,d, the ratio between the densities o
states with and without singlet content becomes sm
(r22,33/r11,44!1), independently of the spin-spin relaxatio
5-7
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C. BOEHME AND K. LIPS PHYSICAL REVIEW B68, 245105 ~2003!
rate. The general solution of the homogeneous part can
obtained from the eigenvectors of the constant coeffic
matrix

ṽ15@1,0,0,0#,

ṽ25F0,
T2

2
~r 32r 21j!,1,0G ,

~20!

ṽ35F0,1,
T2

2
~r 32r 22j!,0G ,

ṽ45@0,0,0,1#

and their respective eigenvalues

ts
2152~d1r T!,

tm
2152

1

T2
2d2

r 2

2
2

r 3

2
1

j

2
,

~21!

t f
2152

1

T2
2d2

r 2

2
2

r 3

2
2

j

2
,

ts
2152~d1r T!,

with

j5A 4

T2
2

1~r 32r 2!2.

From the eigenvalues, it becomes immediately clear that
photocurrent transient in the incoherent time domain is
termined by a multiexponential decay with three time co
stantst f ,m,s ~here, ‘‘s’’ stands for slow, ‘‘m’’ for medium,
and ‘‘f ’’ for fast!, independently of the spin-spin relaxatio
strength. Since the dissociation probabilityd is assumed to
be low, it does not play a determining role for any of t
three time constants. Thus, when the spin-spin relaxation
is low, the time constants of the three exponentials are de
mined by the three recombination probabilities (ts5r T , tm
5r 2 , t f5r 3). When it is strong, the three time constants a
the triplet recombination probability (ts'r T), the average of
the recombination probabilities 2 and
(tm'1/2(r 21r 3))and the spin-spin relaxation probabilit
(t f'2/T2), respectively.

C. Pulse length dependence of recombination decay

For an illustration of the qualitative behavior of the r
combination and therefore a photocurrent transient in
long ~incoherent! time domain after the pair ensemble is e
cited by a short, coherent and resonant pulse with lengtt,
we consider the case wherer 3@1/T2'r 2.r T@d, in the fol-
lowing. According to Eq.~19!, the initial steady state of the
pair ensemble, before the pulse is imposed, is
24510
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r̃S5S G

4r T
0 0 0

0 0 0 0

0 0 0 0

0 0 0
G

4r T

D 5:S rS 0 0 0

0 0 0 0

0 0 0 0

0 0 0 rS

D ,

~22!

under these conditions. The pulse interaction does
change the absolute number of spin pairs, if pair generat
recombination, and dissociation during the few nanoseco
of the pulse are negligible. Thus, whenva2vb!gB1, the
triplet densitiesr11,44 are reduced equally by a relative de
sity change

2D~t!ª
r11,44~t!2r11,44

S

Tr@rS#
, ~23!

and the 2,3-densitiesr22,33 are enhanced by relative chang

r22,33~t!2r22,33
S

Tr@rS#
5S 16

J1Dd

\vD
DD~t!, ~24!

which depend on the spin-spin interaction. Note that un
experimental conditions, the loss of spin pairs may not
negligible especially when the pulse length is not in t
lower ns range anymore. The spontaneous decay of spin
due to recombination will eventually lead to a decrease
the detected Rabi oscillation. After all, this effect is the re
son why coherent spin motion experiments reveal quan
tive information about the electronic transitions. Equatio
~23! and ~24! as well as an expression forD(t) will be
derived in Sec. V where a detailed explanation of the
semble changes during the microwave excitation is giv
Note that the sum of the relative density increases ofr22 and
r33 are equal to the density decreases of ther11 and r44,
which confirms the conservation of the spin pairs due to
absence of incoherent processes during the microwave p
Based on the definition of the relative density changeD(t)
as well as the conditions mentioned above, the transient
given in Eq.~17! becomes

Dsph~ t !5
etLdmeG

2r T
F2S r T

d

mh

me
21De2(r T1d)t

2S r 2

d

mh

me
21D S 11

J1Dd

\vD
De2[d1(1/T2)1(r 2/2)]t

2
r 3

d

mh

me
S 12

J1Dd

\vD
De2r 3tGD~t! ~25!

which is a multiexponential decay that reflects the dec
rates of the different spin-pair states. Note that the prefac
of the exponential functions can be positive and negat
which means that the PC transient can have values be
~recombination enhancement! and above ~recombination
quenching! its steady-state value. This is an important re
ization: The quenching of spin-dependent recombination
5-8



de
-
co

Eq

ge
t,

i
e
e
ig
e
th
m

o

nt

s-
an
ra
o

e
-

o
ai
fo

the

be
time
ld
hort

se
e

tion

gra-
of

ch a
e in-

t
en-
om-
the

in-

in
he
heir
de-
by

mi-
ille

em
nd
tic
te-
the
ed
nsi-
nge
kes
ion
he
that
b-
ial
the

.
are
ns.
s of

um

in

o

t

is

e
of

THEORY OF TIME-DOMAIN MEASUREMENT OF SPIN- . . . PHYSICAL REVIEW B 68, 245105 ~2003!
means of ESR has often been attributed to spin-depen
transport processes only13—Eq. ~25! shows that a recombi
nation quenching can also be due to a spin-dependent re
bination process. Note that the recombination probabilitiesr 2
andr 3 depend on the spin-spin interactions according to
~14!. This means however that whenr T,r 2!r 3 ~as assumed
above!, the spin-spin interaction must be relatively lar
@(J1Dd/\vD)'1# which reduces the prefactor of the las
fast exponential decay in Eq.~25!. An example of a recom-
bination transient after a coherent excitation is displayed
the plot of Fig. 3~b! which is a simulation based on th
conditions assumed above. One can clearly see that th
combination transient changes from an enhancement r
after the pulse into a quenching before the steady stat
regained. The explanation of this effect by means of
equation above is straight forward: Note that in the real ti
transient~solid line! of Fig. 3~b!, only two different time
constants are visible—the influence of the fastest time c
stant is not visible~i! because of the time resolution and~ii !
because the signal amplitude of the respective expone
decay function is too small.

Expression~25! does not only explain the possible exi
tence of resonantly excited photocurrent enhancing
quenching signals, it also shows that the recombination
R(tm s) at any given timetm s after the pulse is proportional t
the change of the spin state densitiesD(t). This is only valid
if the Larmor oscillation right after the pulse has dephas
completely. SinceD(t)}R(tm s,t), the measurement of re
combination at an arbitrary timetm s after the end of the pulse
as a function of the pulse lengths allows to access the rec
bination rate during the pulse when the experimentally av
able time resolution of the current detector is insufficient

FIG. 3. Simulation of the theoretical recombination transient
the coherent regime during the ESR pulse~a! as well as in the
incoherent regime after the ESR pulse has been turned off~b!. Note
the different scales on the time axis. In addition, the simulation
the recombination response of a nonideal detection setup~assumed
response time 10ms! is shown in~b! ~dashed line!. For this simu-
lation, a gaussian distributed Rabi oscillation that is peaked aV
'313106 s21 and values ofr f5106 s21, r m5104s21 and r s55
3103 s21 are assumed. In plot~c!, D(t) as defined by Eq.~25! and
determined at a timetm s after the pulse has been turned on,
plotted as a function of the ESR pulse lengtht. Obviously, plot~c!
replicates the real-time recombination transient as simulated in~a!.
The dashed vertical and horizontal lines indicate how from a m
surement ofDR(tm s) at time tm s the nanosecond propagation
DR(t) during the pulse can be reconstructed.
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the measurement in the ns time range. Figure 3 illustrates
idea of this measurement. The dashed line in Fig. 3~b! shows
the recombination transient given in the solid that will
measured when the detection setup has a response
10 ms. This is orders of magnitude slower than what wou
be necessary for a real time measurement during the s
pulse. WhenR(tm s,t) is measured as a function of the pul
length t, the dynamics ofD(t) can be accessed on a tim
scale whose resolution is only determined by the resolu
of the microwave pulse generator. According to Eq.~25!, an
indirect measurement can also be carried out by an inte
tion of the entire photocurrent transient between the end
the pulse and the relaxation back to the steady state. Su
measurement oppresses low frequency noise and henc
creases the signal to noise ratio.

With Eq. ~25! given, it is shown, that the photocurren
relaxation of pulsed EDMR depends on the spin-pair
semble state after the short, resonant pulse. Thus, for a c
plete understanding of pulsed EDMR, a discussion of
pulse interaction itself is necessary. The variableD(t) de-
pends on the pulse length, the microwave frequency and
tensity as well as the magnetic field and the Lande´ factors of
the respective pair partners. All of this will be explained
the following section. In addition, an understanding of t
line shape of the photocurrent transients, which means t
dependence on the externally applied magnetic field, is
veloped and the nature of coherent spin effects reflected
D(t) is explained.

V. RABI OSCILLATION

The motion of a spin-pair ensemble in presence of a
crowave is described by the general solution of the Liouv
equation@Eq. ~1!# when the perturbation HamiltonianĤ1 of
Eq. ~12! is included. This leads to an inhomogeneous syst
of ODEs whose coefficient matrix has a low zero density a
is highly nondiagonal making the calculation of an analy
solution as obtained for the off-resonant case extremely
dious. Therefore, a different approach is undertaken in
following, wherein the change of the ensemble is describ
solely by its coherent propagation and spontaneous tra
tions are considered to be nonexistent. When the time ra
on which the microwave-induced spin-pair propagation ta
place is sufficiently short in comparison to the recombinat
and relaxation times, this approach is highly accurate. T
negligence of incoherent transitions has the advantage
time-domain solutions of the Liouville equation can be o
tained without solving a complicated system of different
equations. One way to find such a solution is to use
Liouville equation in its integrated form r̂(t)
5exp(2iĤ/\)r̂S exp(iĤ/\), which is simply the initial state
r̂S transformed by the Schro¨dinger time evolution operator
This approach yields exact analytic solutions which again
too lengthy for the derivation of useful analytic expressio
Another way is to describe the spin propagation by mean
rotations induced by the magnetic fieldsB0 and B1. The
theory of rotational operators is outlined in standard quant
mechanics textbooks such as the book by Sakurai.56 The only

f
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C. BOEHME AND K. LIPS PHYSICAL REVIEW B68, 245105 ~2003!
difference of this approach in comparison to the calculat
by means of the Schro¨dinger operator is the neglect of th
mutual spin interactions in the precession picture. While
rotations due to constant and oscillating external fields
be put in mathematical terms with unitary transformatio
the consideration of interactions between the pairs wo
again require the use of differential equations. This howe
would make is description even more complicated than
original approach with Liouville equations. The neglect
the spin-spin interactions solves this problem, however
raises the question whether this is a realistic simplificati
especially since spin-spin interactions have turned out to
of great importance for instance for recombination@see Eq.
~14!# or the eigenbase of the spin-pair system@see Eqs.~6!
and~7!#. In most of the experimental situations, the spin-s
interactions are weak in comparison to the Zeeman inte
tions ((Dd1J)!va,b), and since the experiments for whic
the considerations in the following sections are made
carried out with strong microwave radiation, one can assu
that the spin-spin interactions are weak even in compar
to the microwave fields@(Dd1J)!\gB1#. Because of this,
the field-induced precession will always be much more
evant than the interaction related precession and hence
assumptions made above are correct for the spin mot
Note that the negligible impact of spin-spin interaction
the absolute spin motion does not imply that the impact
the relative spin motion between the two spins is negligi
as well. The latter will become important for the calculati
of the different Rabi oscillation within the spin pair as show
in Sec. V A.

Both, theB0 field induced Larmor oscillations and theB1
field induced Rabi oscillations involve spin rotations. Wh
the operator

Dn̂~f!5expS 2
i

\
S"n̂f D

5IcosS f

2 D2 is•n̂ sinS f

2 D ~26!

represents a rotation of a spin-1/2 by an anglef about
an axis n̂ ~Ref. 56! (I.unity operator!, the impact of a
microwave pulse of lengtht and frequencyv on a
spin-1/2 with Larmor frequencyva is equivalent to the
transformation

D~t,v,va!5Dẑ~vt!Dn̂V
~Vt!Dẑ

†
~vt! ~27!

in which

V5A~gB1!2

\2
1~v2va!2 ~28!

is the Rabi frequency and

n̂V5cos~w!ẑ81sin~w!x̂85
v2va

V
ẑ81

gB1

V
x̂8 ~29!

is the rotation axis of the Rabi precession in the rotat
frame K8. The latter is a frame of reference in which th
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oscillating radiation fieldB1 remains at rest along its polar
ization axisx̂8. Note that therefore,D(t,v,va) actually con-
sists of three rotations: The transformation into and out of
rotating frame and the Rabi precession about the net m
netic fieldBnet , which is tilted away from theẑ axis by the
anglew. Figure 4 illustrates this sequence in the geome
space.

For a pair of spinsSa and Sb with different Larmor fre-
quenciesva andvb , the representing Hilbert space has to
extended into a product spaceC45C23C2 and hence, the
transformation

D~t,v,va ,vb!5Da~t,v,va! ^ Db~t,v,vb! ~30!

is a product of the two single spin motions. The evolution
a spin-pair ensemble which has a stater̂S at timet50 during
the pulse can then be obtained from a transformation

r̂~t!5D †r̂SD. ~31!

This expression is a simple multiplication of 434 matrices
which requires much less computational power than find
the solution of a complicated system of ODEs. The propa
tion of the spin ensemble is reflected in the ensemble s

FIG. 4. The illustration of the motion of a spinS exposed to a
constant magnetic fieldB0 and a microwaveB1 in the observer
frameK and the the rotating frameK8. For details see text.
5-10
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THEORY OF TIME-DOMAIN MEASUREMENT OF SPIN- . . . PHYSICAL REVIEW B 68, 245105 ~2003!
r̂(t) after the microwave pulse. Note again that the desc
tion of the spin-pair motion by unitary transformations im
plies the negligence of any incoherent process during s
rotation. This is a realistic assumption for most experime
since commercially availableX-band pulse ESR spectrom
eters allowB1 strength in the lower mT range resulting
Rabi oscillations with cycle durations in the lower ns ran
for g'2. Thus, for recombination and spin relaxation tim
beyond this time range, the results obtained from the
proach presented here are highly accurate.

For the simulation of the spin ensemble’s motion durin
resonant excitation, the inhomogeneity of the two Lande´ fac-
tors has to be taken into account. This can be done b
double integration

r̂net~ t !5E E
2`

`

dvadvb Fa~va!Fb~vb!

3D †~t,v,va ,vb!r̂SD~t,v,va ,vb! ~32!

over the distributionsFa(va) and Fb(vb) of the Larmor
frequenciesva andvb , respectively. Under consideration o
u

f a
or
sp
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r
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Eq. ~26!, the matrix representation of Eq.~30! in the product
base has the form

D~t,v,va ,vb!5S jajb 2jazb 2zajb zazb

jazb jajb 2zazb 2zajb

zajb 2zazb jajb 2jazb

zazb zajb jazb jajb

D
~33!

in which the constants represent

ja,b5cos~1/2Va,bt!1 i sin~1/2Va,bt!cos~wa,b!,
~34!

za,b5sinS Va,bt

2 De2 ivt sin wa,b ,

wherein

cos wa,b5
v2va,b

Va,b
and sinwa,b5

gB1

Va,b
.

This expression can now be plugged into Eq.~31! in order to
calculate the evolution of a pair ensemble which propaga
from a steady stater̂S before a pulse of lengtht into a
nonsteady stater̂(t) after at the end of the pulse. For sim
plicity, r̂S is assumed to be the same as in Eq.~22!, as de-
fined in Sec. IV C. The result of this triple matrix produ
leads to a matrix
r̂~t!5rSS ujajbu21uzazbu2 jbzb~ ujau22uzau2! jaza~ ujbu22uzbu2! 2jajbzazb

jbzb~ ujau22uzau2! ujazbu21uzajbu2 2jajbzazb jaza~ uzbu22ujbu2!

jaza~ ujbu22uzbu2! 2jajbzazb ujazbu21uzajbu2 jbzb~ uzau22ujau2!

2jajbzazb jaza~ uzbu22ujbu2! jbzb~ uzau22ujau2! ujajbu21uzazbu2

D ~35!
m

that allows to derive useful analytic expressions for vario
cases that are considered in the following.

A. Spin-spin interactions

The matrixr̂(t) represents the coherent spin motion o
spin-pair ensemble for the product base, which means f
base of energy eigenstates that exist in absence of any
spin interaction. The assumed initial steady state@Eq. ~22!#
of the pair ensemble on which the pulse transformation@Eq.
~30!# is imposed, is independent of the eigenbase shift@Eq.
~6!# caused by spin-spin interactions. Thus, in order to ob
the eigenstate density matrixr̃E after a resonant pulse unde
consideration of the spin-spin interaction, one has to ca
out a transformation

r̃E~t!5Ũ~f!r̃~t!Ũ†~f! ~36!

in which the matrixU(f) depends on the spin-exchange a
spin-dipole interactionsJ andDd, respectively, according to
s

a
in-

in

ry

Eqs.~6! and~7!. Together with Eq.~35!, this transformation
yields for the diagonal elements in the eigenbase the for

r11,44
E 5rSDu~t!,

~37!

r22,33
E 5rSDv~t!6rS

J1Dd

\vD
Dw~t!,

wherein the constantsDu(t), Dv(t), Dw(t), stand for three
pulse length dependent parameters

Du~t!5ujajbu21uzazbu2

5Fcos2S Vat

2 D1sin2S Vat

2 D cos2~wa!G
3Fcos2S Vbt

2 D1sin2S Vbt

2 D cos2~wb!G
1sin2S Vbt

2 D sin2S Vat

2 D sin2~wa!sin2~wb!,

~38!
5-11
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Dv~t!5ujazbu21uzajbu2

5Fcos2S Vat

2 D1sin2S Vat

2 D cos2~wa!G
3sin2S Vbt

2 D sin2~wb!1Fcos2S Vbt

2 D
1sin2S Vbt

2 D cos2~wb!Gsin2S Vat

2 D sin2~wa!,

~39!

and

Dw~t!52Re~jajbzazb!

52sinS Vat

2 D sinS Vbt

2 D
3cosS Vat

2 D cosS Vbt

2 D sin~wa!sin~wb!

12sin2S Vat

2 D sin2S Vbt

2 D
3cos~wa!cos~wb!sin~wa!sin~wb!. ~40!

Equation~37! shows how the spin-spin interactions can go
ern the Rabi oscillation induced changes between the en
eigenstates of the spin pairs. The underlying principle beh
this spin-spin interaction dependence becomes clear with
graphic illustration given in Fig. 5: The Rabi oscillatio
caused by the microwave radiation can only rotate spin st
with SÞ0. With regard to the spin pairs which are two spi
1/2 systems, this means that triplet states can be rot
while states without triplet content remain unchanged by
microwave radiation. Thus, when the spin-spin interaction
weak (J1Dd!\vD)and the eigenbase consists of the pro
uct states, the statesu2&5u↑↓& and u3&5u↓↑& have equal
singlet and triplet content. Consequently Rabi oscillat
from and to these states are equally strong@see Fig. 5~a!#.
When spin-spin interaction is very strong (J1Dd'\vD) the
eigenstateu2& becomes a triplet stateuT0& and its density will
double. In contrast, stateu3& which now turns into a pure
singlet stateuS&, will remain unchanged during Rabi oscilla
tion @see Fig. 5~c!#. In any other case in between these tw

FIG. 5. Sketch of the four energy levels of the spin pair a
allowed Rabi oscillation induced changes between them for
three cases of~a! the absence of spin-spin interactions (J1Dd

50), ~b! medium spin-spin interaction (J1Dd'\Dv), ~c! strong
spin-spin interaction (J1D'\vD). The thickness of arrows indi
cates transition probabilities. For more details see text.
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extremes, the density changes of the statesu2& and u3& will
become stronger and weaker, respectively, with increas
spin-spin interaction and the Rabi oscillation from and to
statesu2& and u3& is unequal according to their respectiv
singlet and triplet content@see Fig. 5~b!#. In the following,
the evolution of the state densities given in Eqs.~37!–~40!
are discussed for the limiting cases of small and strong L
mor separation between the pair partners.

1. Small Larmor separation„vaÀvb™gB1…

When the two resonances are very close, the Larmor
quencies approach a common valuevL and thus both spins
in a pair oscillate at a single Rabi frequencyV
5Ag2B1

21(v2vL)2. Under this condition,

coswa'coswb'
v2vL

V
,

~41!

sin wa'sin wb'
gB1

V
.

and therefore, Eqs.~38!–~40! become

Dv~t!5Dw~t!5sin2~Vt!
g2B1

2

V2

12 sin4~Vt!
g2B1

2~v2vL!2

V4
5:D~t!,

~42!

Du~t!512Dv~t!512Dw~t!5:12D~t!.

When the results of Eq.~42! are plugged into Eq.~37! the
relative density changes can be calculated under cons
ation of the steady stater̃S as defined in Eq.~22!. This leads
to an expression

r11,44~t!2r11,44
S

Tr@ r̃S#
52D~t! ~43!

for the triplet state densities and

r22,33~t!2r22,33
S

Tr@rS#
5S 16

J1Dd

\vD
DD~t! ~44!

for the 2,3-densities. These are exactly the forms that w
already introduced in Eqs.~23! and~24! of Sec. IV C. Along
the way, the analytic form of the relative density chan
D(t) has been deduced as well: If the microwave freque
is in the vicinity of the spin resonance (v2vL!gB1), the
relative density change

D~t!5
1

2

g2B1
2

V2
@12cos~2Vt!# ~45!

e
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THEORY OF TIME-DOMAIN MEASUREMENT OF SPIN- . . . PHYSICAL REVIEW B 68, 245105 ~2003!
is an oscillating function whose frequency is twice the R
frequency. This shows that due to the strong spin-spin c
pling, the spin pair behaves like aS51 spin and, as a resul
its Rabi frequency is twice as high as the Rabi frequency
an S51/2 system.

As mentioned above, in the description of the spin-p
evolution by precession in the rotating-frame Bloch-sph
picture the influence of the spin-dipolar interaction on t
relative motion of the two pair partners is neglected. T
influence, generally negligibly small, becomes relevant wh
the two pair partners move in an absolute identical man
as it is the case, when both have the same Larmor freque
and are exposed to the same external magnetic field and
same microwave radiation. Thus, in order to find an expr
sion for the influence of spin-spin interaction on the Ra
oscillation in Eq.~45!, one has to solve the eigenvalue equ
tion which results from the description of the spin motion
Schrödinger’s time evolution operator as explained at t
beginning of this section. While it is difficult to obtain
solution for the time evolution~for reasons mentioned in th
first paragraph of this section!, it is quite feasible to calculate
the oscillation frequencies of the precession which are
the eigenvalues of the pair Hamiltonian. This yields a R
frequencyV5Ag2B1

21(3Dd/4\)2 for the case of small Lar-
mor separation and in the vicinity of the resonance condit
(v2va ,v2vb!Dd/\). An insight that will play a role for
dephasing processes that are discussed in Sec. V C w
dephasing will not only be determined by Larmor frequen
andB1-field inhomogeneities but also by the distribution
spin-dipolar coupling within the pair ensemble.

2. Large Larmor separation„vaÀvbšgB1…

When the Larmor separation of the two spin partners
comes large, an evolution of the spin-pair ensemble ta
place when the microwave frequencyv is in the vicinity of
eitherva or vb . Due to the symmetry of these two cases,
can discuss the first of these two cases without confinem
of generality. This implies thatv2vb@gB1 and hence,
Vb5v2vb , coswb51 and sinwb50 in Eq. ~34! which
causes Eqs.~38!–~40! to attain a form

Dw~t!50,

Dv~t!5
g2B1

2

Va
2

sin2S Vat

2 D5:D~t!,

Du~t!512
g2B1

2

Va
2

sin2S Vat

2 D512D~t!. ~46!

When the results of Eq.~46! are plugged into Eq.~37! the
relative density changes can be calculated in a similar wa
for the case of small Larmor separation~case 1!. For large
Larmor separation, this leads to an expression

r11,44~t!2r11,44
S

Tr@ r̃S#
52D~t! ~47!

for the triplet state densities and
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r22,33~t!2r22,33
S

Tr@rS#
5D~t! ~48!

for the u2&, u3&-densities. Again, a form similar to the ex
pression used in Eqs.~23! and ~24! of Sec. IV C has been
obtained and an analytic form of the relative density chan
D(t) is derived. However, note that in opposite to the case
small Larmor separation, the influence of the spin-spin in
actions on the density changes of the statesu2& and u3& has
vanished. Similar to case 1 discussed above, the relative
sity change

D~t!5
1

2

g2B1
2

Va
2 @12cos~Vat!# ~49!

is an oscillating function. Unlike the oscillation in Eq.~45!,
the frequency in Eq.~49! is just the Rabi frequencyVa . This
indicates that only one spin partner is moving about theB1
field and that the observable reflects the motion of only o
spin.

B. Line shapes of pulsed EDMR signals

The derivation of an expression forD(t) does not only
provide a connection of the pulse induced PC changesDsph
to the pulse lengthst but also to the strength of the exte
nally applied magnetic fieldB0. Thus, the line shapes o
pulsed EDMR signals are predictable. Both expressions
D(t) @Eqs.~45! and~49!# have a Lorentzian shaped prefact
gB1 /V with line width B1. Since both, the line shape facto
gB1/V as well as the Rabi frequency are dependent on
Landéfactors of the two spins, inhomogeneous distributio
of ga andgb have to be taken into account, too. This can
done by convolution of the density changeD(t) with the
Larmor-frequency distributionsFa and Fb . As discussed
already at the beginning of this Sec. V, this leads to
expression~32!. For the case of large Larmor separation, t
one distribution that is out of resonance with the microwa
frequency integrates to a factor 1 and vanishes. For the
of small Larmor separation, one has to distinguish two cas
When theg factor distribution is smaller than the microwav
field (v2vL!gB1 for all va ,vb), the inhomogeneity is
negligible since the line shape is determined by
B1-induced Lorentz broadening. In the second case, w
the g-factor distribution is broader thanB1 and the Larmor
separation only one distribution exists for both pair partne
Thus, in all cases, the two integrals of Eq.~32! reduce to a
single integral and the effective relative density chan
Deff(t) becomes

Deff~t!5E
2`

`

F~vL!
g2B1

2

g2B1
21~v2vL!2

3sin2
„kAg2B1

21~v2vL!2t…dvL , ~50!

in which k represents a parameter that is 1/2 and 1 in
cases of large and small Larmor separation, respectiv
Equation~50! is a convolution of the inhomogeneousg fac-
tor distributionF(vL) and a Lorentzian line shape, whos
5-13
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width can be influenced by choice of the applied microwa
radiation. When the distributionF(vL) is smooth in the
range ofB1, which means]vL

F(vL)gB1!F(vL), the state
density change

Deff~t!5gB1F~v!T~gB1t! ~51!

reduces to a product of the value of the inhomogeneous
tribution at the microwave frequencyv and a general tran
sient function

T~a!5E
2`

` sin2~aA11x2!

11x2
dx ~52!

in which a5kgB1t. The line shape of the recombinatio
transient can be obtained from Eq.~51!, which is obviously
proportional to theg-factor distributionsF(v). This shows
one of the crucial advantages of the time-domain meas
ment of spin-dependent recombination with short and str
pulses in comparison to the cw EDMR method which e
ploys weak steady-state radiation. The line shape of
pulsed experiment reveals directly and without any incoh
ent influences on the broadening the distribution of
Landé factors. Figure 6 illustrates how this measurem
principle works in a less mathematical way. The width of t
Lorentzian corresponds to a microwave intensity ofB1
'0.04 mT which is a frequency width of about 1.1 MH
while the inhomogeneous distributions of the two recom
nation centers whose shapes were assumed to be Gau
are much broader. Thus, the amplitude of the recombina

FIG. 6. Plots of Gaussian distributed, well separated Larm
frequencies within the spin-pair ensemble. When the two distri
tions are smooth in comparison to a Lorentzian with width 2B1, a
magnetic field sweep of the pulsed EDMR signal measured
fixed time after the end of the pulse reveals purely inhomogene
broadening, with a resolution determined byB1. Note the different
frequency scales for the two plots.
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changes depends only on a small cutout of theg-factor dis-
tribution and hence, changes of the resonant frequencies
to a magnetic field sweep of theB0 field can reveal the shap
of the respective pair distributions. In this regard it is impo
tant to mention that the lowB1-field strength used for cw
EDMR experiments would in principle reveal an even bet
resolution than the strong field strength used for puls
EDMR. However, since radiation is imposed continuou
onto the spin pairs in a cw EDMR experiment, broaden
increases dramatically due to spontaneous transitions
take place and the advantage of the low microwave inten
is more than compensated.

C. Dephasing of the Rabi oscillation

The integral in Eq.~52! is a general function, which wa
not calculated analytically. Since its only parameter
a, Deff(t) of Eq. ~51! is stretched antiproportionally toB1
on the time axis. The parametera itself can be considered a
the turning angle that is induced byB1 while T(a) is a
function representing the recombination response of
sample. Figure 7~a! displays a plot ofT(a) versusa in the
range between 0 and 40. The influence of the Rabi oscilla
is clearly visible. Due to the integration over a distribution
oscillators, a dephasing takes place that is fast at first
eventually slow so that the oscillation does not vanish co
pletely.

In addition, two other influences onDeff(t), which are
important for the dephasing, have to be taken into acco
One, as mentioned above, is the distribution of spin-dipo
coupling. The latter can become relevant in the case of sm
Larmor separation. The second influence has an experime
origin: Any sample has to be connected to a current detec
setup with wiring and an appropriate contact system. T
latter can cause mode distortion within the cavity resona

r
-

a
us

FIG. 7. ~a! The plot displays numerically obtained values for t
function T(a). The amplitude of the Rabi oscillation reduce
gradually due to the distribution of the Rabi frequencies.~b! The
plot displays numerically obtained values for the functionTeff(a)
under the additional consideration of a constantB1-field distribution
betweenB150 and B15B1

max. This leads to a much stronge
dephasing.
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THEORY OF TIME-DOMAIN MEASUREMENT OF SPIN- . . . PHYSICAL REVIEW B 68, 245105 ~2003!
and thus inhomogeneities of theB1 field. For the description
of T(a), the microwave field distribution has to be take
into account as well. In order to illustrate the effect of suc
microwave field distortion, a plot of the simulation assumi
a constantB1 distribution between 0 and an arbitrary max
mum fieldB1

max is displayed in Fig. 7~b!. Under the assumed
conditions, the argument of the effective recombinat
changeTeff(a) is defined asa5kgB1

maxt. One can clearly
recognize from the plot how the Rabi oscillation reflected
Teff(a) has practically vanished within less than two oscil
tion cycles.

VI. RABI ECHOES

The fast and complex dephasing of the Rabi oscillat
makes it difficult to obtain coherence decay times from
perimental data measured under conditions such as thos
sumed for the simulations presented above. In order to
able to distinguish a coherence decay from coherent dep
ing due to inhomogeneities, we suggest an echo experim
similar to spin-echo or photon-echo experiments. Echo
fects can be observed whenever macroscopic observable
pend on ensembles of microscopic oscillators whose eig
frequencies are distributed inhomogeneously. When
direction of the oscillation is reversed at an arbitrary timt
5t180 after the dephasing has begun, a temporary rephas
the actual echo, can be observed at a timet52t180. Since
dephasing due to inhomogeneities is not present at the
ment of the echo peak, the decay of the echo with increa
t180 reflects pure coherence decay.

The idea of the Rabi-echo experiment is illustrated in F
8. As explained in the last section, the point of departure
steady state of the spin-pair ensemble where the triplet ei
statesuT1& and uT2& have been pumped to very high de
sities. After a resonant microwave is switched on, the R
oscillation starts and leads to the dephasing situation
scribed above. At the timet180° theB1 polarization is shifted
by 180° without change of the field strength. The depha
spins then precess into the opposite direction, each at
same speed as before the polarization change. Thus, f
spin pairs propagate behind slower pairs until they catch
with them at the timet180° after the polarization change an
thus, at the timet52t180° after the radiation is switched on
This is the moment when the phase recovery takes pl
Since the pulse excitation begins when the pair ensemble
high triplet content, a triplet recovery occurs in the mome
of rephasing and hence, a recombination quenching. In
following, this temporary quenching is called ‘‘recombin
tion echo’’ similar to the Larmor-recombination echo d
scribed in Ref. 53. Note that the phase change is assume
take place instantaneously which means that experiment
the change has to occur in a low ps range forX-band micro-
wave frequencies. A requirement that can be fulfilled ea
with pulse sources of modern pulse-ESR spectrometers.

The echo experiment outlined above can be descri
mathematically with unitary transformations, similar to t
description of the Rabi oscillation discussed in Sec. V. In
moment of the phase change, the direction of theB1 field is
reversed. This means the direction of the Rabi oscillat
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n̂V5n̂V
¿ as defined in Eq.~29! right after the pulsed radiation

begins, turns to a new direction

n̂V
À5cos~w!ẑ82sin~w!x̂85

v2va

V
ẑ82

gB1

V
x̂8. ~53!

Because of this, the spin pair that propagates according to
transformation D(t,n̂V

¿)5D1 @see Eq. ~30!# before the
phase change, changes its motion according to the tran
mation D(t,n̂V

À)5D2 after the phase change and thus, t
evolution

r̂~t11t2!5D2
† ~t2!D1

† ~t1!r̂SD1~t1!D2~t2! ~54!

of the density operator during the consecutive pulses w
opposite phase and respective lengths oft1 and t2 can be
calculated. Equation~54! leads to a highly complicated an
lengthy expression, even under consideration of a sim
uT1&, uT2& mixture as initial condition forr̂S. Moreover,
this expression has to be convoluted again with theg-factor
and B1 distributions. The latter increases the complex
even further, without giving any new insight since the lin
shape of the recombination signal after a pulse sequence
phase change is just as dependent on inhomogeneous b
ening as without the phase change. Therefore, with

FIG. 8. The propagation of a spin-pair ensemble with large L
mor separation and an inhomogeneous distribution of the mi
wave field B1 during an echo experiment illustrated with Bloc
spheres in the rotating frame. The three sketches correspond t
steady state, the moment prior to the phase reversal at a timt
5t180° after the pulse begins and the moment of phase recovet
52t180° . Note that a full phase recovery as illustrated does not t
place in reality due the distribution of the Lande´ factors.
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a confinement of the generality, one can dramatically s
plify the expression of Eq.~54! by considering only
the two cases, where either one or both pair partners
in the resonance range6B1 about the applied microwav
frequencyv. The actual line shape can then be obtain
from the subsequent convolution of one or both p
partner’sg-factor distribution with the calculated recombin
tion transient.
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1. Echoes at small Larmor separation„vaÀvb™gB1…

When small Larmor separation is present, the Rabi f
quenciesVa,b approach the same valueV. At resonance, the
anglewa,b between the externally applied magnetic fieldB0
and the direction of the Rabi oscillation becomes 90°
both partners. Thus, the expressions for the two transfor
tions
D6~t6!5S cos2S Vt6

2 D 7heivt6 7heivt6 sin2S Vt6

2 De2ivt6

6he2 ivt6 cos2S Vt6

2 D 2sin2S Vt6

2 D 7heivt6

6he2 ivt6 2sin2S Vt6

2 D cos2S Vt6

2 D 7heivt6

sin2S Vt6

2 De22ivt6 6he2 ivt6 6he2 ivt6 cos2S Vt6

2 D
D ~55!
e
tor
stri-

-
is

ue to
sing
echo
ces-
o
ase
with h5sin(Vt6/2)cos(Vt6/2) become simple enough to b
plugged into Eq.~54!. This leads to an analytic expressio
for the relative density change,

D~t1 ,t2!5F@t1 ,t2 ,V,v#cos~v@t12t2# !

22Fcos4S Vt1

2 D2cos4S Vt2

2 D1cos2S Vt1

2 D
1cos2S Vt2

2 D G212Fcos2S Vt1

2 D
2cos4S Vt1

2 D GFcos2S Vt2

2 D2cos4S Vt2

2 D G
~56!

right after the pulse sequence. The first contribution to t
expression reflects the influence of Larmor oscillation wh
is of the order of 10 GHz forX-band ESR spectrometers an
therefore much faster than the time ranges where cur
detection can take place. Therefore, the cosine function
erages out on the experimentally available time resolu
and the first addend of Eq.~56!can be neglected. Note tha
the functionF@t1 ,t2 ,V,v# vanishes when eithert150 or
t250. This is the reason why contributions due to Larm
oscillation did not appear in the last section about the R
oscillation ~Sec. V! even though the same initial condition
were used. When the Larmor oscillation is neglected,
relative density change can be written as

D~t1 ,t2!55/822/16cos~2Vt1!22/16cos~2Vt2!

23/16cos~2V@t11t2# !

23/16cos~2V@t12t2# !. ~57!
is
h

nt
v-
n

r
bi

e

From Eq.~57!, one can directly obtain the effective relativ
density change by multiplication with the line shape fac
and subsequent integration over the Larmor-frequency di
butions. The result

Deff~t1 ,t2!5gB1F~v!Teff
echo~a1 ,a2! ~58!

FIG. 9. The functionTeff
echo plotted versus the parametera ~that

is proportional the pulse length! for large and small Larmor sepa
ration within the spin pairs. Ata180517 a phase change of 180°
introduced leading to a recombination echo ata52a180. Both
plots were obtained under the assumption of a fast dephasing d
a strong Rabi-frequency distribution. Because of Larmor depha
that cannot be rephased by microwave phase changes, the
amplitudes are smaller than the signals at the begin of the pre
sion (a50). An important qualitative difference between the tw
cases is the additional dephasing right after the microwave ph
change which occurs only for small Larmor separation~strong spin-
spin coupling!.
5-16
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is similar to Eq. ~51!. The dimensionless function
Teff

echo(a1 ,a2) is defined to be

Teff
echo~a1 ,a2!

5E E
02`

B1
max`

dB1 dx Fm w~B1!
D~xa1 ,xa2!

11x2
~59!

which takes Rabi-frequency distributions due tog-factor and
B1-field inhomogeneities into account. The variablea6

ªgB1t6 is defined in analogy to the definitions in Sec
V B and V C. For theB1 distribution, an arbitrary function
Fm w(B1) is assumed. Note that botht250 and thusa2

50 as long ast1<t180°.
Equation ~57! shows that Rabi echoes can exist: Wh

Eq. ~57! is convoluted with the Rabi-frequency distribution
as done in Eq.~59!, the first three oscillating terms wil
dephase with increasingt1 andt2 . Dephasing also occur
for the fourth term,$cos(2V@t12t2#)%; however, whent1

5t2 , which means in the case when the second pulse w
opposite phase is as long as the first pulse, a rephasing
curs. Note that the recombination echo effect caused by
Rabi oscillation is much smaller than the signal itself.

For a better understanding of the qualitative behavior
the Rabi echo, the functionTeff

echo(a) is plotted in Fig. 9. This
plot, whose argumentaªa11a2 is the sum of the two
pulse lengths variables (a250 as long ast1<t180°), dis-
plays essentially the function in Eq.~57! under consideration
of dephasing due toB1- andg-factor inhomogeneities simila
to the assumptions of Sec. V. The plot reveals another in
esting qualitative feature of the Rabi-beat oscillation ec
sequence: Due to the second term of Eq.~57!, a second
dephasing process starts right after the phase change is
duced which gives the entire function a steplike shape. W
the result of the calculated evolution of the spin-pair e
semble plotted in Fig. 9, it is important to emphasize that
graphical Bloch-sphere illustration of the Rabi-echo expe
s
r
e

24510
.

th
oc-
he

f

r-
o

tro-
h
-
e
i-

ment in Fig. 8 has some inaccuracies: This sketch sh
neither why the second dephasing process occurs right
the microwave phase change, nor does it illustrate why
echo is smaller than the initial signal. Remember that
incoherence is assumed at any point of the calculation.
difference between the illustration of the Rabi-echo expe
ment and the result of the calculation in Eq.~57! is that the
different Rabi frequencies which are due to a distribution
Larmor frequencies~because of the Lande´-factor inhomoge-
neity! do not only cause a vertical dephasing in theẑ–ŷ plane
of the Bloch sphere as shown in Fig. 8, but also a horizon
dephasing about theẑ axis which is neglected in Fig. 8. Th
latter cannot be rephased due to the microwave ph
change, which is the reason why the echo amplitude
smaller than the signal itself.

The result in Eq.~57! is based on the assumption that n
incoherence is present. This means the entire spin mo
described takes place without the loss of a single spin pai
a real experiment, recombination will take place, making
echo smaller the longer the microwave pulses beco
Hence, a two pulse Rabi-echo experiment repeated for
ferent phase change timest1 is an excellent way to measur
the coherence decay of recombining charge carriers. As l
as spin relaxation is sufficiently slow, this coherence de
will reflect the recombination probability of the charge ca
riers trapped within the spin pairs.

2. Echoes at large Larmor separation„vaÀvbšgB1…

When large Larmor separation is present, the Rabi
quenciesVa and Vb are different. While the anglewa be-
tween the externally applied magnetic fieldB0 and the direc-
tion of the Rabi oscillation of the arbitrarily chosen spina
becomes perpendicular, the anglewb of the other spin van-
ishes, which means its Rabi frequency reduces toVb5vb
2v, the difference between the microwave frequency a
its Larmor frequency. Therefore, the expressions for the
transformations turn into the form
D6~t6!5S me( i /2)(vb2v)t6 0 7he( i /2)(vb1v)t6 0

0 me2( i /2)(vb2v)t6 0 7he2( i /2)(vb23v)t6

6he( i /2)(vb23v)t6 0 me( i /2)(vb2v)t6 0

0 6he2( i /2)(vb1v)t6 0 me2( i /2)(vb2v)t6

D ~60!
of

om-
of

r-
ncy
he

is
in
with h5sin(Vat6/2) and m5cos(Vat6/2). When these
terms are plugged into Eq.~54!, the diagonal matrix element
of r̂ reveal the same spin-spin interaction independent fo
as in Eqs.~47! and~48! and thus, the relative density chang
becomes

D~t1 ,t2!51/2@121/2cos~Va@t12t2# !

21/2cos~Va@t11t2# !

21/2sin~Vat1!sin~Vat2!cos~v@t12t2# !.

~61!
m

Equation~61! is only dependent on the Rabi oscillation
spin a, which is not surprising, since spinb is far out of
resonance with the microwave radiation and the echo is c
pletely due to the rephasing of an ensemble consisting
only one of the two pair partners. In this regard it is impo
tant to mention that the dephasing oscillation has a freque
Va , the Rabi frequency of the oscillating pair partner. T
oscillation described in Eq.~57! has a frequency 2V, due to
the motion of both pair partners or, when the spin pair
considered as one entity, due to the precession of a spS
51.
5-17
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C. BOEHME AND K. LIPS PHYSICAL REVIEW B68, 245105 ~2003!
An expression that is indicative of Larmor oscillation a
pears in Eq.~61!, similar to Eq.~57!. This expression can b
neglected due to the same reasons as before and jus
oscillation terms depending on the difference and the sum
the pulse lengthst1 and t2 remain. Both terms lead to
dephasing oscillations when they are convoluted with theB1-
and g-factor inhomogeneities. However, the term that d
pends on the pulse-length difference is rephasable whe
phase change ofB1 is introduced. Whent15t2 , the con-
tribution of cos(Va@t12t2#)51 for arbitrary values ofVa
and thus an echo effect takes place. Since the pair partnb
that is out of resonance does not contribute to the oscillat
the net recombination change D(t1 ,t2)
5gB1Fa(v)Teff

echo(a1 ,a2) depends only on theg-factor
distribution of spina and the convolution of the oscillatio
function D(t1 ,t2) with the B1-field inhomogeneities. The
latter is represented byTeff

echo(a) whose dimensionless pa
rameter was defined above.Teff

echo(a) is also illustrated in
Fig. 9. Similarly to the pulse sequence for small Larm
separation, an echo effect is predicted which does not f
rephase all spins either. In contrast to the case of small
mor separation, only one dephasing process right at the
ginning of the pulse sequence is present; no second dep
ing takes place right after the phase change is introdu
This is a major qualitative difference between small a
large Larmor separation and hence a distinction of str
and weak spin-spin coupling within the charge-carrier pai
possible.
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5V. Weis, K. Möbius, and T. Prisner, J. Magn. Reson.131, 17
~1998!.

6K. L. Purvis, S. P. Wiemelt, T. Maras, M. Blue, V. Melkonian,
D. Ashby, S. A. Riley, L. S. Fifield, K. A. Martin, and A. M.
Nishimura, J. Lumin.71, 199 ~1997!.

7E. van Oort and M. Glasbeek, inPulsed EPR, A New Field o
Application, edited by C. P. Keijzers, E. J. Reijerse, and
Schmidt~North-Holland, Amsterdam, 1989!, Chap. 19, pp. 227–
231.

8B. M. Tadjikov, A. V. Astashkin, and Y. Sakaguchi, Chem. Phy
Lett. 283, 179 ~1998!.

9R. Maxwell and A. Honig, Phys. Rev. Lett.17, 188 ~1966!.
10D. J. Lepine and J. J. Prejean, inProceedings of the 10th Inter

national Conference on the Physics of Semiconductors, edited
by S. P. Keller, J. C. Hensel, and J. Stern~US. Atomic Energy
Commission, USA, 1970!, p. 805.

11D. J. Lepine, Phys. Rev. B6, 436 ~1972!.
12J.-M. Spaeth and H. Overhof,Point Defects in Semiconductor
24510
wo
of

-
a

r
n,

r
ly
r-
e-
as-
d.
d
g
s

VII. SUMMARY AND CONCLUSIONS

The motivation and idea of pulsed EDMR experiments
charge carrier recombination of semiconductors was o
lined. Pulsed EDMR is based on the short coherent E
manipulation of spin states of charge carrier pairs and
subsequent transient measurement of the recombination
For the description of pulsed EDMR, a general model of s
dependent recombination was presented under consider
of spin-exchange and spin-dipolar interaction, triplet reco
bination and spin-spin relaxation. This model allows to e
cidate analytic expressions that make a quantitative
qualitative interpretation of pulsed EDMR measureme
possible. Among the observable phenomena are R
oscillation imprints on the photocurrent transients and
current detected recombination echoes which imply the p
sibility of coherence decay measurements. Hence, quan
tive information about rate coefficients of recombinati
transitions and other electronic processes can be meas
selectively for distinct paramagnetic centers.

Due to the generality of the model for spin-depende
recombination, the theoretical foundation of pulsed EDM
presented above can provide a broad base for the quantit
and qualitative investigation of various electronic proces
in different materials. Thus, pulse EDMR could provid
new insights into the nature of charge carrier recombinat
in bulk semiconductors, semiconductor interfaces as w
as semiconductors devices such as thin film transistors
solar cells.

t.

.

.

and Insulators~Springer, Berlin, 2002!.
13M. Stutzmann, M. S. Brandt, and M.W. Bayerl, J. Non-Cry

Solids266-269, 1 ~2000!.
14P. Kanschat, K. Lips, and W. Fuhs, J. Non-Cryst. Solids266-269,

524 ~2000!.
15B. Stich, S. Greulich-Weber, and J.-M. Spaeth, Appl. Phys. L

68, 1102~1996!.
16B. Stich, S. Greulich-Weber, and J.-M. Spaeth, J. Appl. Phys.77,

1546 ~1995!.
17H. Dersch, L. Schweitzer, and J. Stuke, Phys. Rev. B28, 4678

~1983!.
18I. Solomon, J. Non-Cryst. Solids35–36, 625 ~1980!.
19I. Solomon, D. Biegelsen, and J. C. Knights, Solid State Co

mun.22, 505 ~1977!.
20T. Eickelkamp, S. Roth, and M. Mehring, Mol. Phys.95, 967

~1998!.
21I. Hiromitsu, Y. Kaimori, M. Kitano, and T. Ito, Phys. Rev. B59,

2151 ~1999!.
22I. Hiromitsu, Y. Kaimori, and T. Ito, Solid State Commun.104,

511 ~1997!.
23M. Dobers, K. v. Klitzing, J. Schneider, G. Weimann, and

Ploog, Phys. Rev. Lett.61, 1650~1988!.
24C. F. O. Graeff, M. S. Brandt, M. Stutzmann, M. Holzmann,

Abstreiter, and F. Scha¨ffler, Phys. Rev. B59, 13242~1999!.
25I. Solomon, Solid State Commun.20, 215 ~1976!.
26R. Müller, P. Kanschat, S. von Aichberger, K. Lips, and W. Fuh

J. Non-Cryst. Solids266–269, 1124~2000!.
27K. Lips and W. Fuhs, J. Appl. Phys.74, 3993~1993!.
5-18



M

d

o

i-

i B

p.

J.

J.

s

e

THEORY OF TIME-DOMAIN MEASUREMENT OF SPIN- . . . PHYSICAL REVIEW B 68, 245105 ~2003!
28F. C. Rong, G. J. Gerardi, W. R. Buchwald, E.H. Poindexter,
T. Umlor, D. J. Keeble, and W. L. Warren, Appl. Phys. Lett.60,
610 ~1992!.

29J. H. Stathis, Appl. Phys. Lett.68, 1669~1996!.
30N. M. Atherton,Priciples of Electron Spin Resonance~Ellis Hor-

wood PTR Prentice Hall, Chichester, England, 1993!.
31C. Boehme, P. Kanschat, and K. Lips, J. Non-Cryst. Solids299–

302, 566 ~2002!.
32C. Boehme and K. Lips, Appl. Phys. Lett.79, 4363~2001!.
33C. Boehme, P. Kanschat, and K. Lips, Nucl. Instrum. Metho

Phys. Res. B186, 30 ~2002!.
34C. Boehme and K. Lips, Phys. Status Solidi B233, 427 ~2002!.
35D. J. Lepine, V. A. Grazhulis, and D. Kaplan, inProceedings of

the 13th International Conference on the Physics of Semic
ductors, Rome~North-Holland, Amsterdam, 1976!, Vol. 2440, p.
1081.

36V. S. L’vov, D. V. Tretyak, and I. A. Kolomiets, Sov. Phys. Sem
cond.11, 661 ~1977!.

37R. M. White and J. F. Gouyet, Phys. Rev. B16, 3596~1977!.
38W. Wosinski and T. Figielski, Phys. Status Solidi B83, 93 ~1977!.
39G. Mendz, D. J. Miller, and D. Haneman, Phys. Status Solid

20, 5246~1979!.
40G. Mendz and D. Haneman, J. Phys. C13, 6737~1980!.
41D. Kaplan, I. Solomon, and N. F. Mott, J. Phys.~Paris! 39, L51

~1978!.
42Z. Xiong and D. J. Miller, Appl. Phys. Lett.63, 352 ~1993!.
24510
.

s

n-

43D. Will, C. Lerner, W. Fuhs, and K. Lips, Mater. Res. Soc. Sym
Proc.467, 361 ~1997!.

44B. Movaghar, B. Ries, and L. Schweitzer, Philos. Mag. B41, 159
~1980!.

45L. S. Vlasenko, Yu. V. Martynov, T. Gregorkiewicz, and C. A.
Ammerlaan, Phys. Rev. B52, 1144~1995!.

46K. Fukui, T. Sato, H. Yokoyama, H. Ohya, and H. Kamada,
Magn. Reson.149, 13 ~2001!.

47K. Lips, C. Lerner, and W. Fuhs, J. Non-Cryst. Solids198–200,
267 ~1996!.

48A. V. Barabanov, O. V. Tretiak, and V. A. L’vov, Phys. Rev. B54,
2571 ~1996!.

49A. V. Barabanov, O. V. Tretiak, and V. A. L’vov, Phys. Statu
Solidi B 207, 419 ~1998!.

50A. V. Barabanov, V. A. L’vov, and O. V. Tretiak, preprints of th
Bogolyubov Institute for Theoretical PhysicsITP-93-68E, 1,
1994.

51R. Haberkorn and W. Dietz, Solid State Commun.35, 505~1980!.
52E. L. Hahn, Phys. Rev.80, 580 ~1950!.
53C. Boehme, P. Kanschat, and K. Lips, Europhys. Lett.56, 716

~2001!.
54A. G. Redfield, Adv. Magn. Reson.1, 1 ~1965!.
55A. G. Redfield, IBM J. Res. Dev.1, 19 ~1957!.
56J. Sakurai,Modern Quantum Mechanics, revised ed.~Addison

Wesley, Reading, 1994!.
5-19


