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The theoretical foundations of the time domain measurement of spin-dependent charge carrier recombination
by means of pulsed electrically detected magnetic reson@&i2kIR) 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 resonai®R. 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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[. INTRODUCTION had only limited impact on EDMR and semiconductor re-
search. While cw ODMR has been used also for the investi-
Magnetic resonance experiments such as electron spigation of charge carrier recombination, pulsed ODMR on
resonancéESR or nuclear magnetic resonance allow accesgnost semiconductors is difficult since longer wavelengths
to microscopic information about paramagnetic defects ifhear IR are hard to detect on fast time scales and the PL is
semiconductors. In spite of this, it is difficult to obtain infor- Weak in some materials. Moreover, ODMR intensities do not
mation about the involvement of these defects in electroni®ecessarily reflect the dominant charge carrier recombina-
transitions such as transport or recombination of excesdOn: Some radiative processes do not contribute to PC
charge carriers for instance. Therefore, experimental metd&minate recombinatiomvhile other transitions that do con-

ods have been developed in the past that combine the micrH—IbUte are not radlatlve_. . . .
scopic sensitivity and selectivity of magnetic resonance exaeT:r?(?énItn tr(;rr?seitrioaos ngejlgsi[; tlr;e cgnrfgjfcrlicv?t Oijifepcl'?l-
periments with other methods like photoluminesce(ree) EDpMR has to be carried out. Its dzvelopment follyowed th)é
or photoconductivity(PC) measurements. These CombinedODMR method with a decadé delay and was started by Max-
experiments, often referred to as optically or electrically de

, ‘well and Honid who investigated the impact of ESR on
tected magnetic resonan@®DMR, EDMR) take advantage gy qenendent scattering of charge carriers at impurities in

of _the_ spin dependency of electro_nic transitions V_VhiCh Ma¥ 966. The first spin-dependent recombination path was ob-
ex!st in the presence ofs_p|n?select|0n rules. The discovery afgrved with EDMR by Lepine at the beginning of the
spin-dependent recombination processes goes back to th@70s!%1when Lepine equalized the densities of localized
first ODMR experiments carried out by Geschwietdal.in  charge-carrier pairs in triplet states and pairs with singlet
1959:? In these experiments, spin configurations of excitedcontent, an enhancement of the singlet density and hence of
electronic states were manipulated with ESR, which led to ahe recombination took place. The latter was detected by PC
change of the decay rate that could be observed by PL. Inimeasurements. Since these first experiments were carried
tially, ODMR was carried out as continuous waf@v) ex-  out, various recombination paths in inorgdii¢® and
periment. In the mid 1970s however, first transient ODMRorgani¢®~?>  semiconductors, — semiconductor  hetero-
experiments were made which allowed the measurement aftructure$®?* and device$®™?® as well as interface
spin coherence through transient PL experiméritee time  systems? were investigated with EDMR and much insight
domain measurement of ODMR enhances the informatiointo the nature of spin—dependent recombination has been
attainable from this method strongly, revealing informationgained.
such as coherence times and therefore transition probabilities While the development of time-resolved ODMR pro-
or Landefactor differences and spin-spin interactions within gressed along with the development of pulse ESR spectros-
spin pairs. Soon after its development, transient ODMR beeopy, pulsed EDMR is still a new and underdeveloped
came a frequently utilized method for chemical reactionmethod. The reasons for this are related to the multiple chal-
analysis and with the advent of commercially availablelenges with regard to a sophisticated coherent ESR experi-
pulsed ESR spectrometers in the early 1980s, optically dement that has to be carried out on a conductiagd there-
tected electron spin-echo technigtidsand optically de- fore microwave absorbingsample and an appropriate
tected Rabi-beat oscillatiohsere used for the investigation detection setup for the subtle current changes which occur on
of atomic and molecular systems. a short time scale. In addition to these technical problems, no
All of these developments in the ODMR community have theory about the effects and processes which can potentially
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become visible by “pulsed EDMR” has been existing. A first are usually buried under a much stronger signal.
time-domain approach to standard cw EDMR had been car- The realization that Lepine’s model could not account for
ried out in 1999 by Hiromitsiet al** who recorded the ex- the given observations sparked the development of a series
ponential relaxation of a photocurrent through a polymerof other approaches throughout the 1970s. Initially, other po-
fullerene heterojunction during and after a resonanfarization models were developed, which attempted to take
microwave radiation had been imposed on the material._ IRhe huge signal into account by the assumption taaef-
these experiments, the microwave intensities and the timgctive spins larger then 1/2 could exist due to ferromagnetic
resolution were too low for th_e detection of coherent ph_e'exchanggthat(b) clusters of paramagnetic centers, strongly
nomena. Applied to other semiconductor systems, atrans_le%umed by exchange interaction, could efistr that (c)
measurement of cw EDMR can only reveal spin-relaxationyitiphonon self trapping processes, which increase recom-
rates — an information that can just as well be obtained by,ination through resonant heatfigre the origin of the ob-
ESR™ Because of this, first experimental pulse EDMR ex-gapyeq effects. However, all these models could not explain
periments were undertakéti,**demonstrating that short and e absence of the—2 dependence and the first nonpolariza-
coherent ESR excitation can lead to detectable recombingjs, models were developed: Wosinski and Figiefkat-

tion changes and_that by means of pulse length dependen&qﬂpted to explain the EDMR data by exchange coupled

measurement§ spin coherence can be observed. _centers in dislocations. Mend al>*“° described a picture

. The goal of the study presented in the following sectionsyhere 5 combination of spin-dependent recombination and
is to provide a theoretical foundation for the pulsed EDMRgnin_qependent trapping would cause the observed behavior.
experiments on recombination processes in order to have gain hoth proposals also led to contradictive temperature

basis for the interpretation of experimental results. MOt'Va'dependencies.

tion of this work is to open up the experimental doors of |, 1978 Kaplan, Solomon, and M&ttdeveloped another
EDMR to the world of coherent spin motion in order to make o de| of 'spin-dep’endent re'combinatiQNSM mode). In

at least some of the wide range of effects utilized for pulseqhs proposal the qualitative properties were similar to those
ODMR and pulsed ESR available for the investigation of ¢ ihe griginal simple model by Lepine. The spin dependency
charge carrier recombination as well. Point of departure of, 55 solely based on spin conservation imposed by weak
this work is the formulation of a general model for the dy- gpin_orhit coupling as present for instance in crystalline sili-
namics of spin-dependent recombination that unifies qualitason The crucial difference to Lepine’s model was the idea
tive g‘g?}%{fi of many models developed in the past 3Qn,t intermediate pairs of charge carriers out of which a re-
years™=>""*"into one set of properties. The insight ob- -5 mpination of the two pair partners is possible would exist
tained from the theoretical descriptions will then lead 0 anyior the the actual recombination transition. The important
assessment of the experimental feasibility of coherent spigyjitative feature of the intermediate pair is its exclusivity:
motion measurements with recombination. This will lead toTne two pair partners may or may not recombine at a given
the description and the theoretical justification of the pulsgy,,oment: however. before they can recombine with any other
EDMR experiment, where the dynamics of charge carrietparge carrier not involved in the existing pair, the pair has to
spin pairs during an ESR pulse can be measured. Hencgisgociate and new pairs with new partners have to form. In
with t.he theoretical basis fpr the tlme—domal'n measuremente KSM model, the exclusivity is the only defining property
of spin-dependent recombination given, an interpretation ofs 5 given pair system, which means pairs can be tightly

experimental data that has already been reported on in the, nd electronic states such as excitons as well as electron-

; 1-34 :
literaturé'~**will be possible. hole pairs trapped at two localized band gap states which are
in close proximity. In this case, the exclusivity is given by
II. A GENERAL MODEL the high transition probability between nearest neighbors.

The advent of the KSM model marked a strong advance
After the first observation of conductivity related effects in the understanding of spin-dependent recombination with
due to spin-dependent recombination by Lepirtéthe num-  regard to the large signal, the temperature and the magnetic
ber of qualitative models for the explanation of these mechafield dependence. Its simplicity and generality make it easily
nisms has risen with the increasing experimental evidence cfpplicable to many materials. While the idea of the interme-
them in many semiconductor materials and devices. Theliate pairs solved many questions about spin-dependent re-
original explanation given by Lepine is a simple thermalcombination, it also raised new ones such as of the existence
polarization model which predicted signal intensities qua-of spin interactions within a pair or of interactions between
dratically dependent on the ratio of the applied magnetiaifferent pairs. The Kaplan, Solomon, and Mott assumption
field and the temperature. Moreover, at room temperature, athat the interaction between the pair partners is weak in any
X-band EDMR experiment which is carried out B#+=345 case can certainly not be generalized since spin-spin interac-
mT would show a relative recombination chany&/R of  tion is highly dependent on the nature of a given pair system.
less than 10°. These predictions were soon contradicted byin addition, triplet recombination was assumed to be negli-
experimental daf&'%2°which could not confirm the qua- gible as well, an assumption whose validity depends on
dratic dependency aiR/R on theB, field and on tempera- whether spin-orbit coupling is negligible or not. Hence, after
ture and which revealed values AR/R that were as much the proposal of the pair model, various other models fol-
as two orders of magnitude stronger than predicted. Hencéowed dealing with these additional aspects of spin-
polarization effects, which may or may not have an influencelependent recombination, most of which, however, utilize
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the idea of intermediate pairs in one or the other way. In g —¢ V)
1980, Movagharet al. proposed a pair model in which a G\ /gp"d
finite triplet recombination probability was introduc&dl. VoL
This assumption implies that ESR changes of spin-dependent emedte
recombination can actually lead to a quenching of recombi-
nation and hence, an enhancement of the photocurrent. The
idea of triplet recombination was later pursued by Vlasenko
et al*® The question for the relevance of spin-spin interac-
tions such as spin-exchange and spin-dipole coupling has
been discussed in recent years by Fuktial*® and Eick-
elkampet al2° Both studies outline how a base change of the
four energy eigenstates of spin pairs can influence the recom- Ev
bination probab.ilities. Another_important is§ue, especiqlly for rmG. 1. The general picture of spin-dependent recombination
the understanding of EDMR line shapes, is the question fofjjystrated for the example of recombination at a deep level center.
the influence of spin relaxation. A field that has been invesgefore an electroisolid circle and a holgopen circlé can recom-
tigated in the early 1990s by Lif'sand by Barabanoet  bine, intermediate spin pairs are formed temporarily which can exist
al 4850 in any of four energy eigenstates. The transition from these pairs
In the following, a qualitative model for the description of into a singlet state makes the entire recombination process spin
the nonsteady state of spin-dependent charge carrier recorgependent. The illustration sketched in the circle depicts the four
bination is outlined. It combines many aspects of the previ_gigenstates of a spin. pair and the spontaneous transitions by which
ous models mentioned above in order to be as general ds'S created and annihilated.
possible and, therefore, applicable to as many different sys-
tems as possible. Based on this approach, this model has the
following qualitative properties:

ipiiri

s> —44—

A
&

spins in the environment of a paispin-spin relaxation
can therefore also influence the transient behavior of the
recombination rate.

(1) Spin-dependent recombination takes place in the picture

of Kaplan, Solomon, and Mott: Before an electron and a With the qualitative assumptions given above, the evolu-

hole annihilate in a single electronic state, an intermedi-tlon of the recombination at a certain time depends solely on

¢ i state is f q the evolution of the spin pairs. This approach dramatically
ale pair state Is formed. simplifies the creation of an appropriate equation of motion
(2) After intermediate pairs are generated, they can only bgy. the given many-particle system because the set of exist-

destroyed by recombination transitions or pair dissociaing spin pairs at any given time can be considered as one
tion. In the latter case, the pair partners are not annihientity, a quantum ensemble of equal systems. The dynamics
lated and can return to the charge carrier ensembles. of this ensemble state is determined by the individual pairs
(3) The charge carrier density and hence, the conductivityvhose evolutions depend on their pair Hamiltonian. Figure 1
are considered to be in a steady state with pair generadepicts the schematics of this model: External changes of the
tion, dissociation, and recombination. Therefore, the dy-ensemble are due to the generation of pairs at equal Gites
namics of spin-dependent recombination is governedor any of the four eigenstates and recombination at the prob-
solely by the spin dynamics of the pair ensemble. Thisabilitiesr; for pairs in eigenstates) as well as the dissocia-
assumption is reasonable as long as the relative photdlon of pairs with probabilityd. Mathematically, the dynam-
current changes are small enough, such that second ordi§g Of the pair ensemble can be described in terms of a
effects are negligible — a condition which is, to the Stochastic Liouville equation,
knowledge of the authors, fulfilled by all experimentally 0L A o
observed spin-dependent recombination paths. hp= %[p,H]* +Spl+R{p—po}, (1)
(4) The intermediate pairs are systems of t#&e 1/2 spins
that have four spin eigenstates with respect to a giverm which the state of the ensemble is represented by the den-

observable. sity operatolp = p(t). This operator describes a two spin 1/2
(5) Within a pair, spin-spin interactions such as spin-system with four eigenstates and can be represented by a 4
exchange and spin-dipole interaction are possible antk 4 matrix by choice of an arbitrary base set. The use of
can have an impact on recombination. The interactiongtochastic Liouville equations for the description of recom-
are determined by the nature of a given pair. bining spin pairs was originally developed by Haberkorn and
(6) Spin-dependent recombination is caused by spin conseBietz! and applied to systems with non-negligible spin re-
vation due to weak but in general not negligible spin-laxation by Barabanoet al*3=*°In these studies, the Liou-
orbit coupling. Hence, the possibility of triplet recombi- ville equations were only solved for steady state systems as
nation has to be taken into account. given in conventional continuous wavew) EDMR experi-
(7) The interaction of a spin pair with its environment can ments.
cause spin relaxation. The impact of spin-phonon scat- The HamiltonianA in Eq. (1) describes a single system
tering (spin-lattice relaxationand dipolar coupling to while the stochastic operatof represents the external
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changes of the ensemble. The latter are creation and annihihereine is the elementary charge ang the mobility of
lation rates which are a source of incoherence for the enelectrons and holes, respectively. This set of simple equa-
semble state. This treatment of pair generation, recombindions [Egs. (2)—(4)] provides a connection between the dy-
tion and dissociation is justified since these processes amamics of the spin-pair ensemble and an experimentally ac-
spontaneous energy transitions in the system described. Riessible parameter, the conductivity or the current of excess
nally, the operatofR in Eq. 1 describes influences of spin charge carriers. This will be utilized for predictions of con-

relaxation. ductivity transients during pulse EDMR experiments.
Once the time-dependent solutip(t) of Eq. (1) is found,
the pair recombination, and thus the photocurrent transients A. Hamiltonian of spin pair

can be obtained directly due to assumpti{8i of the quan-

titative model described above. With assumpti{éy the re- I-.I;het Harpnton_la(;lH of dan tmte(;mc—:;@ate dspln galrtcan tb'E
combination rateR(t) becomes the sum of all singlet and SP't INt0 @ imeé-Independent and a ime-dependent contribu-

triplet transitions tion H(t)=Ho+Hy(t) which represent the interactions of a
pair system without the presence of an external radiation
1 field and the radiation field, respectively. The interactions of
R(t)=rg TI|S)(S|p(t)]+r1 > T |T,X(Ti|p(t)] (2)  the pair with the surrounding ensemble of many other pairs
i=-1 could actually be taken into account by a third contribution,

o . a random fluctuation Hamiltonian. However, as outlined be-
which is dependent on the products of the transition probigy, this has already been accounted for by the Redfield
abilitiesr; and the respective state densities. Since diSSOCiabperator’R in the Liouville equation. The first part

tion is assumed to be spin independent, its rax&)

=d Tr{p(t)] is just a simple product of the dissociation Hy= 50,5, B+ updpS-B— IS5 S~ DI3SLSE -5, 5]
probability and the spin-pair density. Another consequence of (5)
assumptior(3) is that the generation raté of spin pairs can ) ) ) A i

be considered constant. Experimentally, a constant charde@nsists of the Zeeman interactignugS-B of the two pair
carrier generation rate is achieved by using a cw light sourcé?@rtnersa andb, the exchange coupling with coupling con-
Note that this rate is not necessarily equal to the spin-paiftantd as well as the dipolar interaction with coupling con-
generation rate. The latter depends on the charge carrier deff@ntD* taken into account in the high field approximation
sities that are to be changed due to recombination. Tais, (ID°|<[gixsB|). Note that nuclear interactions of the two
only constant to the first order; however, with relative chargegléctronic spins are not considered in ). The latter may
carrier changes of less than 10 the second order contribu- Play @ role when the spin-dependent recombination takes
tions are negligible. Hence, the changes of the electron anglace in the vicinity of nuclear spins with#0 such as re-

hole densities combination through phosphorus donor states. This however,
is not discussed any further and considered negligible in this
Ang(t)= 71 AD(t)=7,[D(t)— D] study. If the unperturbed, time-independent Hamiltonian in

3) Eq. (5) is represented by a nondiagonal matrix in the product
base|11), [LT), |T1),|L]), it can be diagonalized by a

Any()= =7 ARt =7 [Rs—R(1)], unitary transformation

are determined by the dissociation changp(t) and the

recombination changAR(t) that are the differences of the 1 0 ) 0 0
dissociation and recombination rates from their steady state 0o 0 codg) sin(¢) O ©)
valuesDg andRg, respectively. o —sin ¢) cog¢p) O

Equation (3) implies a proportionality of charge carrier 0 0 0 1

density and lifetime. Together with E¢4) discussed below,
we will even assume a proportionality between lifetimes andnto the base of energy eigenstal@&s ), |2), |3), and|T_)
photoconductivity. Note that this assumption is valid in 9€N-(indicated in Fig. 1 Note thatU leaves the two stateld
eral even for systems without proportional PC response sincg>:|m> and|T—)=]]]) unchanged. As the spin-spin in-
only small changes are introduced and therefore, the I'&aractions increase. the stat® and [3) change continu-
sponse functions are valid only to' the first order. Note ‘?‘Isoously from product’states with mixed symmetry properties
that, for the same reason, the lifetimge of the charge carri- into |S) and|T,) states with purely antisymmetric and sym-

ersin E_q.(fs’_) which is the a\r/]eragihfe?me deper;)dmg 0”_;" metric permutation behavior, respectively. This can be seen
recombination processes that take place, can be considergd "o expression for the argument

constant, too.

Since the PGr,,, depends on the charge carrier densities, 1 J+D¢
the change of the transient PC due to the influence of the ¢= zarcsin ——
dynamics of a spin-dependent recombination mechanism be-
comes of the transformation matrix which approache#t as the

spin interactions go to infinity. The Hamiltonian in the eigen-
Aopr(t) =€e[Ang(t) pet ANy (1) wp], (4)  base becomes a diagonal matrix

()
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A
220 54pd 0 0 0
2
. 0 — D% fw, 0 0
Ho= 0 0 ~DYfw, 0 ®
h
0 0 0 ——%E—J pd

whose elements represent the energy eigenvalues of the fowhich, under consideration of Eq&) and(7), can be writ-
states. In this form, the variable, stands for the half of the ten as
frequency separation of the sta{@$ and|3)

Fre=rr,
[(3+D%?  Aw?
©p= G+D7)" - ) +_Z) (9) _rs[, J+DY rq 1+J+Dd
h r2_ 2 ﬁwA 2 ﬁwA ’
andwg= w,+ wp andA w= w,— wy, are the sum and the dif- § §
ference of the pair partners’ Larmor frequencies. The latter L P J+D A J+D
correspond to the energy splitting 372 hwy 2 hoy |
hw;=0giusBo (10) Fr_=rr. (14)

between the two spin states of each pair partner which arQote that the two unchanged statgs )=|T,) and |||}
proportional to the externally applied magnetic field =|T_) retain their recombination probability;, indepen-

By, Bohr’s magnetonug and the Landéactorsg; . Note that dently from the strength of spin-spin interactions. Equation
the Larmor frequencies are different in general due to th§14) shows that recombination from spin pairs strongly de-
different effective Landdactors of the two pair partne@  nends on the spin-spin interactions and the Larmor separa-
andb. tion whenr<rg. With the introduction of these eigenstate

The second, time-dependent pafi(t) of the Hamil-  recombination probabilities, the annihilation pait{p(t)]

tonian describes the electromagnetic radiation imposed op . ~ _ - A .
. . ) . f the stochastic tern$[ p(t) 1= Sl p(t) 1+ Sl p(t)] in the
the pair as is the case, when an ESR microwave is used f(?_riouville Eqg. (1) simplifies drastically and in the base of

ltgga?oanngutlﬁgosn ichIf tgier E:::Sgr;s:r:ng;i'”; :ﬁ r?g;athoeqiftﬁg;genergy eigenstates and under consideration of the recombi-
pin p 9 mag nhation term as defined by Haberkorn and Ditits matrix

B,(t) = XB, e~ 1oV (11) elements become
4

with frequencyw and field amplitudd;. In the frame of the A _ re+td ~oy

rotating magnetic field, also called a rotating Bloch sphere {Sal P(U) 1} = g‘l 5 LIk} {Kl.p] )

representatioifisee Ref. 5@ the radiation amplitude behaves 4

like a constant magnetic field vector so that the Hamiltonian

R R R :(ri+r]‘+2d)%.
H1=0aueSs B1+goupS-Ba (12

becomes time independent as well. With the introduction ofSimilquy, .the expression for the pair recombination fidq.
(2)] simplifies to the term

I:Il, all necessary parts of the Hamiltonian needed for the
description of EDMR experiments are given.

(15

4

R()=2> ripi (16)

B. Electronic transitions =1
As outlined above, spin pairs are assumed to recombine #¢hich leads together with Eq4) to a general expression

different probabilitiesrs and r+ out of pure singlet(pairs 4

with pure permutation antisymmejrand triplet stategpure — (=31 1— fi #n

permutation symmetjy respectively. Due to the base change Aopr(t) eTLd“ei; Lpii ()= pifl| 1 d ue (a7

induced by spin-spin interaction, the recombination from the ) .
|2)- and|3)-energy eigenstates in Fig. 1 will have different for the transient photocurrent changery, induced by a

recombination probabilities resonant microwave field. This result reveals a quite new
insight: The sign of the PC change induced by a change of
ri=rg(i|S)2+rl(i|To)|? (13)  the spin-pair ensemble out of its steady statedepends on
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the recombination and dissociation probability as well as the al b c d e
electron and hole mobilities. Therefore, the presence of finite
triplet recombination and spin-spin interactions can deter-
mine whether an ESR-excited spin-dependent recombination
path causes a photocurrent incredsahancemeintor de- T T -

microwave

crease(quenching. This is in contrast to the models de- 2 R
scribed in Refs. 41,13, and 47 in which the steady state of the §E T L T e
pair recombination always marked a minimum and ESR- gg N I

excited photocurrent changes could only introduce photocur-
rent quenching. A recombination quenching due to ESR in-
teraction has been described before by Movagktzal**
However, this effect is solely due to the existence of non-
negligible triplet recombination unlike the quenching effect
described above that can exist in absence of triplet recombi-
nation as well.

N~

-

recombination

T T
10ns 100ns 1ps 10ps 100us 1ms
time

FIG. 2. The sketch of the conceptual time line of the pulsed
EDMR experiment. A microwave pulse causes Rabi oscillatmn
that changes the pair ensemble from the steady &atBecause of

Based on the general model and mathematical foundatiofis: fast dephasing Larmor oscillation takes place after the pulse
described above, predictions for the transient behavior of &)- When the spin ensemble is dephased, the recombination rate is
spin-dependent recombination mechanism during and after $p'€!y determined by incoherent processes which lead to a change
strong resonant microwave interaction can be calculated® (€ recombination rate increase right after the pulse into a tem-
. : . . porary recombination quenching@)) before the ensemble relaxes

Strong” in this regard means that the intensity, and henceb : . - . .

- . . . . ack to its steady state). Note that the figure is just an illustration
the radiation f|eIdBl_ Of. .the resor_lant mlcr_owave. IS h.'gh that does not reflect any experimental or simulated data.
enough such that a significant motion of a given spin pair can
take place before a spontanedtisicoherent”) process oc- a lower limit on the length of the shot repetition time be-
curs. The motivation for the observation of coherent spintween two consecutive experiments. The initial steady state
motion lies in the range of information that can be obtainedof the photocurrent as well as the eigenstates of the spin-pair
from it. Since observation implies incoherence, the decay oénsemble are illustrated in Fig(& in the time domain, be-
an observable that represents a coherent propagation reveédse the resonant microwave pulse begins.
coherence times — in the case of recombination an impor- When a microwave radiation with a frequency close to the
tant parameter. Larmor frequencies of either one or both spin-pair partners is

First however, an overview shall be given about the pulseswitched on, the spins begin to precess about the net mag-
EDMR experiment that allows the measurement of the timenetic field consisting of the externally applied magnetic field
domain of spin-dependent recombination. The main idea i8, and the microwave fiel&,. This Rabi oscillation is illus-
to obtain information about spin-dependent recombination irtrated in Fig. 2b) and can be easily described by means of
a given semiconductor material by measuring the excesstation operators as it will be shown in Sec. V. The different
charge carrier conductivity transient after an intensive microRabi precessions of the two spin-pair partners and the result-
wave burst. Figure 2 is an illustration of the temporal devel-ing oscillation of the recombination rate is illustrated in time
opment of the spin ensemble and the recombination durindomain(b) of Fig. 2. It takes place as long as the microwave
an experimental shot on a logarithmic time scale. Note thais switched on and it is a purely coherent process when the
the displayed plots neither represent experimental nor simunicrowave pulse length is much shorter than recombination
lated data. They are intended to visualize the different protimes and spin-relaxation times.
cesses that take place during and after a microwave pulse is After the microwave burst, the Rabi oscillation stops and
imposed on one or both partners of a given spin-pair enthe pairs will no longer be in energy eigenstates. Because of
semble. The explanation of these processes is the centrdlis, the spin pairs will carry out Larmor oscillation which is
point of this study. the precession about the constant magnetic field that remains

Before the experiment is started, the pair ensemble has tapplied. Due to the different Larmor frequencies of the pair
be brought into a defined initial state. The easiest way to d@artners, a Larmor-beat oscillation will take place that is re-
this is to allow the system to relax into its steady state byflected by the recombination rate. The influence of Larmor
application of continuous light irradiation, a constant mag-beats of charge carrier pairs after ESR excitation on recom-
netic field and an applied constant voltddeg. 2@)]. Since  bination rates has been studied before by Boefainal >
spin pairs are always generated in energy eigenstgess  The central message in this study is that material and mag-
eration is an incoherent process in the sense of the definitionetic field inhomogeneities lead to distributions of the
given abovg only a few pairs with singlet content will exist Larmor-beat frequencies within the pair ensemble and a fast
in the steady state and thus the defined initial conditions ardephasing is likely. This implies that an oscillation of the
given. Note that the time which a given pair ensemble needsecombination rate after an ESR excitation is likely to be
in order to develop a steady state, is the parameter that poseagtenuated rapidly, much faster than recombination is able to

IIl. CONCEPTUAL IDEA OF A PULSED EDMR
EXPERIMENT
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reflect. The Larmor-beat oscillation and the subsequenassumed in the following, that the experiments described are
dephasing are depicted in the domé&ihof Fig. 2. Once the carried out at sufficiently low temperatures such that the
dephasing has prevailed, coherent spin motion cannot be repin-lattice relaxation does not play a role. The absence of
flected by the recombination rate anymore. Because of thispin-lattice transitions reduces the number of incoherent pro-
the further evolution of the recombination rate is determinedcesses that influence the recombination transients to spin-
solely by incoherent processes: New spin pairs are generatepin relaxation and the electronic transitions such as pair
in eigenstates and the subensemble of spin pairs in noneigerecombination and dissociation. This simplifies the data in-
states gradually disappears due to recombination and dissterpretation of experiments and also the theoretical consider-
ciation. Since the dephasing leads to a complete cancellatications here.
of all phase information, the description of these incoherent
processes can be done with simple rate equations. With re-
gard to the density matrix description of the spin pair en- ) ) ) N )
semble, this means that all 12 off-diagonal elements vanish SPin-spin relaxation transitions cannot be neglected in
and only the four diagonal elements are sufficient to describ§eneral, since they are faster than spin-lattice processes and
the dynamics of the pair ensemble accurately. Due to th&uch less temperature dependent and hence less controllable
presence of three different recombination probabilitiesty €xperimental conditions. As illustrated in Fig. 1, spin-spin
(rr, ,, r3) in addition to the spin relaxation and pair dis- rel_axatlon causes transitions between St_kﬁéand|3> pnly.
sociation, the return of the recombination rate back to itsINis can be deduced from the a generalized relaxation theory
steady state turns out to follow a multiexponential transienfl€veloped by Redfietd*>which is based on a description of
and, as will be shown, it can even lead to temporary quencrf_elaxanon by means of a 'fluctuatlon Ham|llton.|an tha}t im-
ing of the recombination rate relative to the steady state aBOSeS & perturbation of a given system. The insight gained by
depicted in time domaird) of Fig. 2. Remarkably, the mag- thl_s qua_ntum mechanlcal _app_roach is not surprising: Unlike
nitudes of the different exponential functions turn out to beSPin-lattice relaxation which is an energy transfer process
dependent on the spin-state densities in the moment when ti{éere energy from phonons is absorbed into Zeeman levels
pulse interaction ends. This realization, which is explained irP" Vice versa, spin-spin relaxation processes are rather phase-
detail in Sec. IV C paves the way to the measurement ofélaxation processes.
coherent spin motion by means of PC measurements: For
experiments where a small signal amplitude prohibits a time B. Influence of recombination and dissociation
resolution in the nanosecond time domain, the transient be-
havior during the microwave pulse can be reconstructed
from the photocurrent transient in thes range.

In the following section, a description is given that out-
lines how the PC relaxation due to slow, incoherent recom-

A. Influence of spin-spin relaxation

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

G
Ip114d= 7 (d+r1)p11 .44,

bination transitions after a coherent ESR excitation depends (18
on the state of the ensemble right after the microwave pulse. G 1 P33,22
Once this connection between the photocurrent and the en- atpzz,sszz_ d+rpgt T_2 P22,33T _T2 '

semble state is made, a section dealing with the coherent

propagation during the microwave irradiatigthe Rabi os- can be formulated which has a constant coefficient matrix.
cillation) will follow. Thus, it will be possible to give a com- Note again that now, all the off-diagonal density matrix ele-
plete description on how to extract information about a re-ments are ignored since total phase loss is assumed. The
combination channel and the coherent spin-motion ofolution of this ODE system can be obtained by addition of
charge-carrier pairs from the magnetic field sweep, pulséhe general solution of the inhomogeneous system to the
lengths and intensity dependencies of pulse EDMR experisteady-state solution of the inhomogeneous system. The

ments. steady state solution

IV. INCOHERENCE pS :E _1

114474 d+rq’
The processes involved in the slow photocurrent relax- (19)

ation after a short ESR excitation of the spin-pair ensemble 2
are illustrated in the rate picture of Fig. 1. Therein, the eigen- —+d+rg,
state densities are represented by the diagonal elements of pgz _
the density matriyp. Note again, that the applicability of this 33 QP rodt @ radet N Is N T2
picture requires that phase loss within the ensemble due to r2 T, Fgd+rals T, T,

strong Larmor dephasing has prevaiféduch that all off-

diagonal matrix elements vanish. is indicative of the nonequilibrium situation that exists, when
In the rate picture of Fig. 1, no spin-lattice relaxation hasdifferent recombination probabilities are present. As ex-

been taken into account. Since spin-lattice relaxation is g@ected, wherrs>r+,d, the ratio between the densities of

phonon-scattering proce®it can generally be controlled by states with and without singlet content becomes small

the temperature at which an experiment is carried out. It i§p2, 33/p1144<1), independently of the spin-spin relaxation
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rate. The general solution of the homogeneous part can be G
obtained from the eigenvectors of the constant coefficient are 0 0 O S 00 0
matrix T P
S 0 0 O 10 00 O
2,=[1,0,0,0, p 0 00 O 0 00 0
G 0 0 0 pS
_ T, 0O 0 0 —
Vo= 0,—(r3—r2+§),1,0}, ary
2 2 (22
(20 under these conditions. The pulse interaction does not
25=|0 1E(r3—r2—§) 0} change the absolute number of spin pairs, if pair generation,
2 Y recombination, and dissociation during the few nanoseconds
of the pulse are negligible. Thus, when,— w,<vyB,, the
24=[0,0,0,1] triplet densitiesp,; 44 are reduced equally by a relative den-
sity change
and their respective eigenvalues <
P11,4¢( T)_P11,44
Tg l:_(d+rT)y A(T) Tr[pS] ! (23)
) 1 fy I3 & and the 2,3-densitigs,, 33 are enhanced by relative changes
™o, e ; |
(21) w:(liJjLD A, (24
_ 1 r. rg § 7] hos
il —d-2 -2 -2 , . . - .
T, 2 2 2 which depend on the spin-spin interaction. Note that under
experimental conditions, the loss of spin pairs may not be
7o t=—(d+rq), negligible especially when the pulse length is not in the
lower ns range anymore. The spontaneous decay of spin pair
with due to recombination will eventually lead to a decrease of
the detected Rabi oscillation. After all, this effect is the rea-
4 son why coherent spin motion experiments reveal quantita-
E= —2+(r3—r2)2. tive information about the electronic transitions. Equations
T3 (23) and (24) as well as an expression fax(7) will be

] ] ) . derived in Sec. V where a detailed explanation of the en-
From the eigenvalues, it becomes immediately clear that thgemple changes during the microwave excitation is given.

photocurrent transient in the incoherent time domain is denote that the sum of the relative density increases,gfind
termined by a multule"xponentlal decay \‘Nltli"] three time con-;,_. are equal to the density decreases of phe and pg,
stants7y s (here, °s” stands for slow, ‘m” for medium, yhich confirms the conservation of the spin pairs due to the
and “f” for fast), independently of the spin-spin relaxation gpsence of incoherent processes during the microwave pulse.
strength. Since the dissociation probabilityis assumed t0  gased on the definition of the relative density chande)

be low, it does not play a determining role for any of the 55 well as the conditions mentioned above, the transient PC
three time constants. Thus, when the spin-spin relaxation ratgyen in Eq.(17) becomes

is low, the time constants of the three exponentials are deter-

mined by the three recombination probabilities=€r1, 7, er du.G rt in -
=r,, 71=r3). When itis strong, the three time constants are Aop(t)=——5—— 2(3 —= 1) e (rrtdr
the triplet recombination probabilityr{~r+), the average of T fhe .
the recombination probabilities 2 and 3 o ih J+D%
(tm=1/2(r,+r3))and the spin-spin relaxation probability - (E e )( s )e [d+(LTp) + (ro/2)]t
(7¢=2IT,), respectively.
rs Mh( J+ Dd) _
- —1- e " A(7) (25
C. Pulse length dependence of recombination decay d ue hw,y

For an illustration of the qualitative behavior of the re- which is a multiexponential decay that reflects the decay
combination and therefore a photocurrent transient in theates of the different spin-pair states. Note that the prefactors
long (incoherent time domain after the pair ensemble is ex- of the exponential functions can be positive and negative,
cited by a short, coherent and resonant pulse with lemgth which means that the PC transient can have values below
we consider the case wharg>1/T,~r,>r;>d, in the fol-  (recombination enhanceméntind above (recombination
lowing. According to Eq(19), the initial steady state of the quenching its steady-state value. This is an important real-
pair ensemble, before the pulse is imposed, is ization: The quenching of spin-dependent recombination by
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ESR
52

———————— L idea of this measurement. The dashed line in F) 8hows
the recombination transient given in the solid that will be
measured when the detection setup has a response time
10 ws. This is orders of magnitude slower than what would
be necessary for a real time measurement during the short
pulse. WherR(t, s, ) is measured as a function of the pulse
! | length 7, the dynamics ofA(7) can be accessed on a time
0 200 0 200 400 600 0 200 400 scale Whose resolution is only determlneq by the resolution
t[ns] t[us] e Ins] _of t_he microwave pulse generator. Accqrdlng to E2p), an
indirect measurement can also be carried out by an integra-
FIG. 3. Simulation of the theoretical recombination transient in{ion Of the entire photocurrent transient between the end of
the coherent regime during the ESR puls as well as in the the pulse and the relaxation back to the steady state. Such a
incoherent regime after the ESR pulse has been turmneofiote ~ Measurement oppresses low frequency noise and hence in-
the different scales on the time axis. In addition, the simulation ofcreases the signal to noise ratio.
the recombination response of a nonideal detection Sesgumed With Eq. (25 given, it is shown, that the photocurrent
response time 1@s) is shown in(b) (dashed ling For this simu-  relaxation of pulsed EDMR depends on the spin-pair en-
lation, a gaussian distributed Rabi oscillation that is peake@ at semble state after the short, resonant pulse. Thus, for a com-
~31x10° s7! and values of ;=10f s7%, r,=10%s ! andr,=5  plete understanding of pulsed EDMR, a discussion of the
X 10 s~ are assumed. In pldt), A(7) as defined by Eq25) and  pulse interaction itself is necessary. The variablgr) de-
determined at a time, s after the pulse has been turned on, is pends on the pulse length, the microwave frequency and in-
plotted as a function of the ESR pulse lengthObviously, plot(c)  tensity as well as the magnetic field and the Lafaizors of
replicates the real-time recombination transient as simulatéad).in  the respective pair partners. All of this will be explained in
The dashed vertical and.horizontal lines indicate how from.a meathe following section. In addition, an understanding of the
surement ofAR(t, ¢ at imet, s the nanosecond propagation of |ine shape of the photocurrent transients, which means their
AR(7) during the pulse can be reconstructed. dependence on the externally applied magnetic field, is de-
veloped and the nature of coherent spin effects reflected by
means of ESR has often been attributed to spin-dependedt(7) is explained.
transport processes offy—Eq. (25) shows that a recombi-
nation quenching can also be due to a spin-dependent recom-
bination process. Note that the recombination probabilities V. RABI OSCILLATION

andr; depend on the spin-spin interactions according to Eq. The motion of a spin-pair ensemble in presence of a mi-
(14). This means however that whep<r,<r; (as assumed crowave is described by the general solution of the Liouville

above, the spin-spin interaction must be relatively large ; ; e

d ~ . equation[Eq. (1)] when the perturbation Hamiltonian; of
E(J:D /hwﬁi.wlld] Wh'c.h rédugeithe prefalctorf of the last, Eqg. (12) is included. This leads to an inhomogeneous system
ast exponential decay in ®5). An exampie ot a reCom- - ot opEs whose coefficient matrix has a low zero density and
bination transient after a coherent excitation is displayed ing highly nondiagonal making the calculation of an analytic

the dpi'Ot of Fig. 3b()j Wk:"Ch %a S|mula|t|on| basedthor: ttr?e solution as obtained for the off-resonant case extremely te-
conditions assumed above. ne can clearly see that he r, o Therefore, a different approach is undertaken in the

c?tmb![r;]atlonl transtlent changt;s frobmf an tehnha?ceénen;[ :|gl? llowing, wherein the change of the ensemble is described
arter the puise into a quenching before the steady state l;Solely by its coherent propagation and spontaneous transi-

regaln_ed. The e_xplan_atlon of th|§ effect by_ means of .the[ions are considered to be nonexistent. When the time range
equation abqve Is stra|ght forward: Note that. in the re_al UM&n which the microwave-induced spin-pair propagation takes
transient(solid line) of Fig. 3(b), only two different time

- . . place is sufficiently short in comparison to the recombination
constants are visible—the influence of the fastest time con

. S . . .. and relaxation times, this approach is highly accurate. The
stant is not visiblgi) because of the time resolution atio negligence of incoherent transitions has the advantage that

because the signal amplitude of the respective eXponemi"ane-domain solutions of the Liouville equation can be ob-

de(I:an func_t|0n2|;, th smali. | lain th iol . tained without solving a complicated system of differential
xpression(25) does not only explain the€ possible exis- gquations. One way to find such a solution is to use the
tence of resonantly excited photocurrent enhancing an . . . . -
equation in its integrated form p(7)

quenching signals, it also shows that the recombination ratelouVille eq . S Inte orm
R(t, d atany given time, ; after the pulse is proportional to A=exp(—|H/h)pSeprH/ﬁ), which is simply the initial state
the change of the spin state densitlgg). This is only valid  pS transformed by the Schadinger time evolution operator.

if the Larmor oscillation right after the pulse has dephasedrhis approach yields exact analytic solutions which again are
completely. Sinced(7)=R(t,s,7), the measurement of re- too lengthy for the derivation of useful analytic expressions.
combination at an arbitrary tinte, s after the end of the pulse Another way is to describe the spin propagation by means of
as a function of the pulse lengths allows to access the recometations induced by the magnetic fielé and B;. The
bination rate during the pulse when the experimentally availtheory of rotational operators is outlined in standard quantum
able time resolution of the current detector is insufficient formechanics textbooks such as the book by Sakffeie only

|tus the measurement in the ns time range. Figure 3 illustrates the
|

LI L L L
b b
AI(Ir)I [Ia.lu.l] ;

AR() [a.ul]

(=]
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difference of this approach in comparison to the calculation 2 B’
by means of the Schdinger operator is the neglect of the K 0
mutual spin interactions in the precession picture. While the 7

rotations due to constant and oscillating external fields can

be put in mathematical terms with unitary transformations, S o

the consideration of interactions between the pairs would Dz((D‘C)
again require the use of differential equations. This however, =

would make is description even more complicated than the B,

original approach with Liouville equations. The neglect of
the spin-spin interactions solves this problem, however, it
raises the question whether this is a realistic simplification,
especially since spin-spin interactions have turned out to be
of great importance for instance for recombinat{see Eq.
(14)] or the eigenbase of the spin-pair systEsee Eqs(6)
and(7)]. In most of the experimental situations, the spin-spin
interactions are weak in comparison to the Zeeman interac-
tions ((Dd+J)<wa’b), and since the experiments for which
the considerations in the following sections are made are
carried out with strong microwave radiation, one can assume
that the spin-spin interactions are weak even in comparison

to the microwave field§(D%+ J)<7% yB,]. Because of this, , =
the field-induced precession will always be much more rel- K Bo
evant than the interaction related precession and hence, the |

assumptions made above are correct for the spin motion. x y

Note that the negligible impact of spin-spin interaction on
the absolute spin motion does not imply that the impact on
the relative spin motion between the two spins is negligible DQ(O)T)
as well. The latter will become important for the calculation B',]

of the different Rabi oscillation within the spin pair as shown Sl

in Sec. VA.

Both, theB, field induced Larmor oscillations and tiy
field induced Rabi oscillations involve spin rotations. When  FIG. 4. The illustration of the motion of a sp® exposed to a
the operator constant magnetic fiel8, and a microwaveB, in the observer

frameK and the the rotating frami€’. For details see text.

o)’

i .
Di(d)=exp —+Sn I L ' . :
i(#) F( h ¢) oscillating radiation fieldB; remains at rest along its polar-
" b ization axisx’. Note that therefore)(r,w,w,) actually con-
=}Ico{ _) —io-n sin(— (26)  sists of three rotations: The transformation into and out of the
2 2 rotating frame and the Rabi precession about the net mag-

represents a rotation of a spin-1/2 by an angleabout netic field B, Which is tilted away from the axis by the
an axisn (Ref. 56 (I=unity operatoy, the impact of a anglee. Figure 4 illustrates this sequence in the geometric

microwave pulse of lengthr and frequencyw on a  Space.

spin-1/2 with Larmor frequencyw, is equivalent to the For a pair of spinsS, and S, with different Larmor fre-
transformation guenciesv, andwy,, the representing Hilbert space has to be

extended into a product spa¢d=C?x(C? and hence, the
D(7,0,05)=Dy(w7)D; (27)Di(w7) (27)  transformation

in which D(1,0,0,,0,)=D(7T,0,0,)Dy(7T,w,wp) (30

(28)  a spin-pair ensemble which has a statet timet=0 during

(yB,)? is a product of the two single spin motions. The evolution of
Q= > t(o— wa)?
h the pulse can then be obtained from a transformation

is the Rabi frequency and . .
p(7)=D"pSD. (31)
~ “ . ~ w—wy. YBi.
No=cog @)z’ +sin(¢)x'=—q—2'+-5=x" (29  This expression is a simple multiplication of matrices
which requires much less computational power than finding
is the rotation axis of the Rabi precession in the rotatingthe solution of a complicated system of ODEs. The propaga-
frame K'. The latter is a frame of reference in which the tion of the spin ensembile is reflected in the ensemble state
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p(7) after the microwave pulse. Note again that the descripEd- (26), the matrix representation of E(B0) in the product
tion of the spin-pair motion by unitary transformations im- Pase has the form

plies the negligence of any incoherent process during spin gagd g _agd pagd
rotation. This is a realistic assumption for most experiments ah ah oTF ash
since commercially availablX-band pulse ESR spectrom- £ &% - -0

eters allo_wB_1 strength in the Iower m_T range resulting in Efb _gaﬁ ?éb — &P
Rabi oscillations with cycle durations in the lower ns range

Ditw,0,,0p) =

a rb a¢b a b agb
for g=~2. Thus, for recombination and spin relaxation times &L e & &'¢ (33)
beyond this time range, the results obtained from the ap- )
proach presented here are highly accurate. in which the constants represent

For the simulation of the spin ensemble’s motion during a £3P=cog1/20, ,7)+i Sin(1/20, ,7)CoS @ p)
resonant excitation, the inhomogeneity of the two Lafaie ’ ’ ’
tors has to be taken into account. This can be done by a Qa7

(39
b_ g
double integration & —sm( 2

e—in

sin @, p,

wherein

W™ Wap . _781
COS @, p= 0., and S'noa~b_9_b'
a, a,

;Jnekt):f J dwdwp, P,(w,) Pp(wp)
o This expression can now be plugged into E2{) in order to
calculate the evolution of a pair ensemble which propagates

from a steady state,ﬁ:S before a pulse of lengthr into a
nonsteady statp(7) after at the end of the pulse. For sim-

- plicity, p° is assumed to be the same as in E2p), as de-
over the distributionsP ,(w,) and ®,(w,) of the Larmor  fined in Sec. IV C. The result of this triple matrix product
frequenciesv, andwy,, respectively. Under consideration of leads to a matrix

XDT(T,w,wa,wb);)sD(T,w,wa,wb) (32

|
[P+ LP(EP-1217) 881180 28282 2¢°
I e (15 T B P b 1 -2 & e S S (S e R
PIOTPN EE(Ro 0 2BETE |EPRHRR el aR)
288D S0 [8?) P18 |81+

(39

that allows to derive useful analytic expressions for variousEgs. (6) and (7). Together with Eq(35), this transformation
cases that are considered in the following. yields for the diagonal elements in the eigenbase the form
A Spi in int . P51,44:PSAU(7')7
. OpIN-spin Interactions g (37)
AY(7),

- : . J+D
The matrixp(7) represents the coherent spin motion of a pgz a=p AU (7) = pS 7

spin-pair ensemble for the product base, which means for a ’ @A
base of energy eigenstates that exist in absence of any spiwherein the constants'(7), A¥(7), A%(7), stand for three
spin interaction. The assumed initial steady sf&g. (22)]  pulse length dependent parameters
of the pair ensemble on which the pulse transformaftte. AY(7)=| 382+ | 2202
(30)] is imposed, is independent of the eigenbase $Eidt
(6)] caused by spin-spin interactions. Thus, in order to obtain
the eigenstate density matrp€ after a resonant pulse under

consideration of the spin-spin interaction, one has to carry
out a transformation

Qa7
5 )cos?(@a)}

cos?(QTaT) + sir?

X +sir?

QbT
CO§(T

Q.7
Tb> COS?(Q%)}
pE(1)=0(¢)p(n U (o) (36)

in which the matrixU(¢) depends on the spin-exchange and
spin-dipole interactiond and DY, respectively, according to (39

+ sinz( QTDT) sinz( QTaT) SIn(@a)SiM(¢y),
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(©) extremes, the density changes of the sté2¢sand|3) will
become stronger and weaker, respectively, with increasing

™ ™ 123 come s . , respective
spin-spin interaction and the Rabi oscillation from and to the
> 2> I states|2) and|3) is unequal according to their respective
> 13> 1S> . . . .
singlet and triplet conterisee Fig. ®)]. In the following,
> . i AN the evolution of the state densities given in E(&7)—(40)

are discussed for the limiting cases of small and strong Lar-
FIG. 5. Sketch of the four energy levels of the spin pair andmor separation between the pair partners.
allowed Rabi oscillation induced changes between them for the
three cases ofa) the absence of spin-spin interactiond-+HD¢ 1. Small Larmor separation @,— w,<yB;)
=0), (b) medium spin-spin interaction)¢- D~#%A w), (c) strong
spin-spin interactionJ+ D~%w,). The thickness of arrows indi-
cates transition probabilities. For more details see text.

When the two resonances are very close, the Larmor fre-
quencies approach a common vakig and thus both spins
in a pair oscillate at a single Rabi frequencf

AP (1) =| 2002+ | 2802 =y’B%+ (w—w)?. Under this condition,
co§( + sir? )co§(<pa)} COS ¢ ,~ COS @y~ w;wL,
Qpr (42
><sm2(—)sm2(<pb)+ cos ) vB,
2 2 sin @a=~sin gp~ 5=
Qpr
+sir? T cog(pp) sm2 Slnz((Pa) and therefore, Eq$38)—(40) become
(39 yzBf
v — AW — i
and A’(7)=AY(7)=sirP(Q7) Y
AY(7)=2Re(£2E° %) 2B2(0— w,)?
+2 Sirﬁ(QT)%:ZA(T),
P Q.7 Qp7 QO
=28l 2 sin| — 2 (42)
u —1_ AV —1_ AW —1_
. S<Qa7') S<Qb7') eshen AY (1) =1-A%7)=1-A"(7)=:1-A(7).
cos ——|cog ——|si Si
2 2 $aST ¢ When the results of Eq42) are plugged into Eq(37) the
Our relative density changes can be calculated under consider-
+2$|r12( )sm2( > ) ation of the steady staje® as defined in Eq(22). This leads
to an expression
X €O ¢a)COY @p)SIN(¢a)SiN(@p). (40)
Equation(37) shows how the spin-spin interactions can gov- P1144 T)_Pfl,zm: ~A(7) 43)
ern the Rabi oscillation induced changes between the energy T pS]

eigenstates of the spin pairs. The underlying principle behind

this spin-spin interaction dependence becomes clear with th@y the triplet state densities and

graphic illustration given in Fig. 5: The Rabi oscillation

caused by the microwave radiation can only rotate spin states S d

with S#0. With regard to the spin pairs which are two spin- P22,3d T)_922y33: ( 1+J+ D )A(r) (44)

1/2 systems, this means that triplet states can be rotated Tr pS] ~ hwy

while states without triplet content remain unchanged by any

microwave radiation. Thus, when the spin-spin interaction ior the 2,3-densities. These are exactly the forms that were
weak (J+D%<%w,)and the eigenbase consists of the prod-already introduced in Eq$23) and(24) of Sec. IV C. Along

uct states, the statd®)=|1|) and|3)=||1) have equal the way, the analytic form of the relative density change
singlet and triplet content. Consequently Rabi oscillationA(7) has been deduced as well: If the microwave frequency
from and to these states are equally str¢see Fig. 5)]. s in the vicinity of the spin resonance w, <7yB;), the
When spin-spin interaction is very strong# D%~%w,) the  relative density change

eigenstaté2) becomes a triplet stat&) and its density will

double. In contrast, statg8) which now turns into a pure 2p2

singlet statéS), will remain unchanged during Rabi oscilla- A(r): !
tion [see Fig. &c)]. In any other case in between these two

[1 cog2017)] (45)
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is an oscillating function whose frequency is twice the Rabi P2 3d T)_p§2 ”

frequency. This shows that due to the strong spin-spin cou- "= A(7) (48)
pling, the spin pair behaves likeS= 1 spin and, as a result, T p®]

its Rabi frequency is twice as high as the Rabi frequency 0;

or the |2), |3)-densities. Again, a form similar to the ex-
an S=1/2 system. 12), 13) g

ioned ab in the d . f th . _rpression used in Eq$23) and (24) of Sec. IV C has been
As mentioned above, in the description of the spin-paifypineq and an analytic form of the relative density change
evolution by precession in the rotating-frame Bloch-sphere

. . S _ ) A(7) is derived. However, note that in opposite to the case of
picture the influence of the spin-dipolar interaction on the

small Larmor separation, the influence of the spin-spin inter-

relative motion of the two pair partners is neglected. Th'sactions on the density changes of the sta®sand|3) has

influence, generally negligibly small, becomes relevant when,, yiched. Similar to case 1 discussed above, the relative den-

the two pair partners move in an absolute identical manner

o ity change
as it is the case, when both have the same Larmor frequencyy ¢
and are exposed to the same external magnetic field and the 1 4?B2
same microwave radiation. Thus, in order to find an expres- A(7T)== 1[1_003937)] (49
. . i . . . . 2 QZ
sion for the influence of spin-spin interaction on the Rabi a

oscillation in Eq.(45), one has to solve the eigenvalue CAUa5s an oscillating function. Unlike the oscillation in E@5),

tion which results from the description of the spin motion by ] L . .
Schralinger’s time evolution operator as explained at thef[he frequency in Eq49) is just the Rabi frequencil, . This

beginning of this section. While it is difficult to obtain a :c?;('jcztr?j ,{ta:tt t?]glyogggr\fgtl)?eprzrftlggslSthrg?%/:?t?or??u;:lmeone
solution for the time evolutioitfor reasons mentioned in the . y

first paragraph of this sectignit is quite feasible to calculate spin.

the oscillation frequencies of the precession which are just ) )

the eigenvalues of the pair Hamiltonian. This yields a Rabi B. Line shapes of pulsed EDMR signals
frequencyQ) = \/y?BZ+ (3D%/44)2 for the case of small Lar- The derivation of an expression far(7) does not only
mor separation and in the vicinity of the resonance conditiorprovide a connection of the pulse induced PC charges,
(w—w,,w—w,<DY%). An insight that will play a role for to the pulse lengths but also to the strength of the exter-
dephasing processes that are discussed in Sec. V C whemally applied magnetic fielB,. Thus, the line shapes of
dephasing will not only be determined by Larmor frequencypulsed EDMR signals are predictable. Both expressions for
and B, -field inhomogeneities but also by the distribution of A(7) [Egs.(45) and(49)] have a Lorentzian shaped prefactor

spin-dipolar coupling within the pair ensemble. vB1/Q with line width B;. Since both, the line shape factor
vB1/Q as well as the Rabi frequency are dependent on the
2. Large Larmor separation(w,— w,>vB;) Landefactors of the two spins, inhomogeneous distributions

When the Larmor separation of the two spin partners be9f 9a andg, have to be taken into account, too. This can be
comes large, an evolution of the spin-pair ensemble taked0n€ by convolution of the density changgr) with the
place when the microwave frequenayis in the vicinity of ~ Larmor-frequency distributions>, and ®,. As discussed

can discuss the first of these two cases without confinemer@xPression32). For the case of large Larmor separation, the
of generality. This implies thats—wp>yB; and hence, ©One distribution that is out of resonance with the microwave

Qp=w—wy, cosg,=1 and sing,=0 in Eq. (34) which  frequency integrates to a factor 1 and vanishes. For the case

causes Eq¥38)—(40) to attain a form of small Larmor separation, one has to distinguish two cases:
When theg factor distribution is smaller than the microwave
AY(7)=0, field (w—w_ <yB; for all w,,wy,), the inhomogeneity is

negligible since the line shape is determined by the
2

y Bf Q.7 B;-induced Lorentz broadening. In the second case, when
A¥(7)= sir? =:A(7), the g-factor distribution is broader thaB,; and the Larmor
0?2 2 ; o . .
a separation only one distribution exists for both pair partners.
Thus, in all cases, the two integrals of E§2) reduce to a
N yzBi 2 Qa1| single integral and the effective relative density change
A¥(n)=1- 0z M2 =1-A(7). (46)  Aefi( 1) becomes
a
When the results of Eq46) are plugged into Eq(37) the " % yzBf
relative density changes can be calculated in a similar way as A®%(7)= f qﬂm)w
for the case of small Larmor separatitcase ). For large o YBit(o—w)
Larmor separation, this leads to an expression XSinz(K\/mT)de, (50)
p11.44 T)—p§1’44_ in which « represents a parameter that is 1/2 and 1 in the
T pS =—A() (47 cases of large and small Larmor separation, respectively.
P Equation(50) is a convolution of the inhomogeneogdac-
for the triplet state densities and tor distribution®(w,) and a Lorentzian line shape, whose
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95 96 97 98

Lorentzian

Lorentzian

FIG. 7. (a) The plot displays numerically obtained values for the
function T(«). The amplitude of the Rabi oscillation reduces
— T gradually due to the distribution of the Rabi frequencigsg. The
plot displays numerically obtained values for the functiu( «)

9.58 o [GHz] 9.585 under the additional consideration of a consByHfield distribution
betweenB;=0 and B;=BJ®. This leads to a much stronger
FIG. 6. Plots of Gaussian distributed, well separated Larmod€Phasing.

frequencies within the spin-pair ensemble. When the two distribu-
tions are smooth in comparison to a Lorentzia_n with widBy 22 changes depends only on a small cutout of gHector dis-
magnetic field sweep of the pulsed EDMR signal measured at &jhytion and hence, changes of the resonant frequencies due
fixed time aﬂe.r the end Of.the pulse Fevea's purely |nhomogeneou&) a magnetic field sweep of tii, field can reveal the shape
broadening, with a resolution determined By. Note the different of the respective pair distributions. In this regard it is impor-
frequency scales for the two plots. . .
tant to mention that the lov,-field strength used for cw
EDMR experiments would in principle reveal an even better
resolution than the strong field strength used for pulsed
EDMR. However, since radiation is imposed continuously
onto the spin pairs in a cw EDMR experiment, broadening
increases dramatically due to spontaneous transitions that
AS(7) = yB,®(w)T(yBy7) (51) f[ake place and the advantage of the low microwave intensity
is more than compensated.
reduces to a product of the value of the inhomogeneous dis-

tribution at the microwave frequenay and a general tran-
sient function C. Dephasing of the Rabi oscillation

width can be influenced by choice of the applied microwav
radiation. When the distributio® (w,) is smooth in the
range ofB,, which means?wLCD(wL) vB,1<®(w), the state

density change

The integral in Eq(52) is a general function, which was
(> sirf(ay1+x%) not calculated analytically. Since its only parameter is
T(a)= f,w 14 x2 dx (52) a, A®f(7) of Eq. (51) is stretched antiproportionally B,
on the time axis. The parameteritself can be considered as

in which a=«yB,7. The line shape of the recombination the turning angle that is induced W; while T(«) is a
transient can be obtained from E&J1), which is obviously  function representing the recombination response of the
proportional to theg-factor distributions® (w). This shows sample. Figure (&) displays a plot ofT («) versusa in the
one of the crucial advantages of the time-domain measureange between 0 and 40. The influence of the Rabi oscillation
ment of spin-dependent recombination with short and strongs clearly visible. Due to the integration over a distribution of
pulses in comparison to the cw EDMR method which em-oscillators, a dephasing takes place that is fast at first but
ploys weak steady-state radiation. The line shape of theventually slow so that the oscillation does not vanish com-
pulsed experiment reveals directly and without any incoherpletely.
ent influences on the broadening the distribution of the In addition, two other influences oA®™(7), which are
Lande factors. Figure 6 illustrates how this measurementimportant for the dephasing, have to be taken into account:
principle works in a less mathematical way. The width of theOne, as mentioned above, is the distribution of spin-dipolar
Lorentzian corresponds to a microwave intensity Bf  coupling. The latter can become relevant in the case of small
~0.04 mT which is a frequency width of about 1.1 MHz, Larmor separation. The second influence has an experimental
while the inhomogeneous distributions of the two recombi-origin: Any sample has to be connected to a current detection
nation centers whose shapes were assumed to be Gaussiaetup with wiring and an appropriate contact system. The
are much broader. Thus, the amplitude of the recombinatiotatter can cause mode distortion within the cavity resonator
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and thus inhomogeneities of tiig field. For the description z B0 Spin pair ensemble
of T(«), the microwave field distribution has to be taken I spin a spin b
into account as well. In order to illustrate the effect of such a y

microwave field distortion, a plot of the simulation assuming

a constanB, distribution between 0 and an arbitrary maxi-

mum fieldB]"*is displayed in Fig. @). Under the assumed before
conditions, the argument of the effective recombination pulse
changeTei(a) is defined asy= kyB]r. One can clearly

recognize from the plot how the Rabi oscillation reflected in

Te(a) has practically vanished within less than two oscilla-

tion cycles.

VI. RABI ECHOES phase
change

The fast and complex dephasing of the Rabi oscillation
makes it difficult to obtain coherence decay times from ex-
perimental data measured under conditions such as those as-
sumed for the simulations presented above. In order to be
able to distinguish a coherence decay from coherent dephas-
ing due to inhomogeneities, we suggest an echo experiment —
similar to spin-echo or photon-echo experiments. Echo ef- rephasing
fects can be observed whenever macroscopic observables de-
pend on ensembles of microscopic oscillators whose eigen-
frequencies are distributed inhomogeneously. When the
direction of the oscillation is reversed at an arbitrary time
= T180 after the dephasing has begun' a temporary rephasing, FIG. 8. The propagation of a spin-pair ensemble with large Lar-
the actual echo, can be observed at a ttm@rg,. Since  Mor se_paration a_nd an inhomogenepus di_stribution of_the micro-
dephasing due to inhomogeneities is not present at the myLave fle!d B, durlng an echo experiment illustrated with Bloch
ment of the echo peak, the decay of the echo with increasin?heres in the rotating frame.. The three sketches correspond .to the
7180 reflects pure coherence decay. Steady state, the moment prior to the phase reversal at attime

The idea of the Rabi-echo experiment is illustrated in Fig.~ 710 fter the pulse begins and the moment of phase recavery
8. As explained in the last section, the point of departure is a_ 20+ Note that a full phase recovery as illustrated does not take
. ; . . lace in reality due the distribution of the Lantietors.

steady state of the spin-pair ensemble where the triplet e|geﬁ)—
states T+) and|T—) have been pumped to very high den- . o _ o
sities. After a resonant microwave is switched on, the RabNe=Ng as defined in Eq29) right after the pulsed radiation
oscillation starts and leads to the dephasing situation de?egins, turns to a new direction
scribed above. At the time,g,- the B, polarization is shifted
by 180° without change of the field strength. The dephased
spins then precess into the opposite direction, each at the
same speed as before the polarization change. Thus, faster . . . .
spin pairs propagate behind slower pairs until they catch ugecause oflthls, theAs+p|n pair that propagates according to the
with them at the timer,go- after the polarization change and transformation D(r,ng) =D, [see Eq.(30)] before the
thus, at the timé=27,4. after the radiation is switched on. Phase change, changes its motion according to the transfor-
This is the moment when the phase recovery takes placenation D(7,ng)="D_ after the phase change and thus, the
Since the pulse excitation begins when the pair ensemble hawvolution
high triplet content, a triplet recovery occurs in the moment
of rephasing and hence, a recombination quenching. In the  p(7,+7.)=D' (7_)D' (7,.)pSD. (7.)D_(7_) (54
following, this temporary quenching is called “recombina-
tion echo” similar to the Larmor-recombination echo de- Of the density operator during the consecutive pulses with
scribed in Ref. 53. Note that the phase change is assumed @pPosite phase and respective lengths-ofand 7_ can be
take place instantaneously which means that experimentallgalculated. Equation54) leads to a highly complicated and
the change has to occur in a low ps rangeXdsand micro- engthy expression, even under consideration of a simple
wave frequencies. A requirement that can be fulfilled easilyfT_ ), |T_) mixture as initial condition forpS. Moreover,
with pulse sources of modern pulse-ESR spectrometers. this expression has to be convoluted again withgtector

The echo experiment outlined above can be describednd B, distributions. The latter increases the complexity
mathematically with unitary transformations, similar to the even further, without giving any new insight since the line
description of the Rabi oscillation discussed in Sec. V. In theshape of the recombination signal after a pulse sequence with
moment of the phase change, the direction ofBhdield is  phase change is just as dependent on inhomogeneous broad-
reversed. This means the direction of the Rabi oscillatiorening as without the phase change. Therefore, without

= 1 ; o W Way, ’yBl"/
Nge=cog ¢)z'—sin(¢)X' = q 2 g X (53
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a confinement of the generality, one can dramatically sim- 1. Echoes at small Larmor separatiofw,— @,<yB;)

plify the expression of Eq.(54) by considering only

the two cases, where either one or both pair partners are When small Larmor separation is present, the Rabi fre-
in the resonance range B, about the applied microwave quencied}, , approach the same vald@k. At resonance, the
frequencyw. The actual line shape can then be obtainedangle¢, , between the externally applied magnetic figlg
from the subsequent convolution of one or both pairand the direction of the Rabi oscillation becomes 90° for
partner’sg-factor distribution with the calculated recombina- both partners. Thus, the expressions for the two transforma-

tion transient. tions
Q7. . : Q7. .
C052< T-) Ine'“”i Iﬂelet SInZ( T+ eZIwri

2 2

, Q7. Q7. .
+ neflwri C052< 2_> —Siﬂz 2_) x 776le+

D+ +)=
+(74) R . Qr 2 Or . (55)

*n Si 5 co 5 +npe e
QT+ . : : QT+
sinz(—z‘)e‘z"‘”+ T e 'O *pe T cos 2‘)

with »=sin()7../2)cos{)r./2) become simple enough to be From Eq.(57), one can directly obtain the effective relative

plugged into Eq.(54). This leads to an analytic expression density change by multiplication with the line shape factor

for the relative density change, and subsequent integration over the Larmor-frequency distri-
butions. The result

A(ro 7 )=F[7,,7_,Q,0w]codw[7,—7_])

Qr,
2

+cos’-(Q— }— 12[ co§(027-+
Q

A7, 7 )= yB1®(0)Tef ey ,a )  (59)
-2

Q7r_
2

coé‘( ) —co¢

+co§(QT+)

2 180° -phase change

o)

O 2PN Wb OO
1

-
oo 7

cosz(QTT) —coé‘( QT)

2

O~ 0, << YBy

ech
eff

(56) -

right after the pulse sequence. The first contribution to this
expression reflects the influence of Larmor oscillation which
is of the order of 10 GHz foK-band ESR spectrometers and
therefore much faster than the time ranges where current
detection can take place. Therefore, the cosine function av- 0 10 2 30 40 50
erages out on the experimentally available time resolution o.

and the first addend of E¢56)can be neglected. Note that

the functionF[ 7. ,7_ ,Q,w] vanishes when either, =0 or FIG. 9. The functionT¢{™ plotted versus the parameter(that
r_=0. This is the reason why contributions due to Larmoris proportional the pulse lengtlior large and small Larmor sepa-
oscillation did not appear in the last section about the Rabjjation within the spin pairs. Aiv,5,=17 a phase change of 180° is
oscillation (Sec. \} even though the same initial conditions introduced leading to a recombination echo et 2a;go. Both

were used. When the Larmor oscillation is neglected thé;)lots were obtained under the assumption of a fast dephasing due to
relative density change can be written as " 7 a strong Rabi-frequency distribution. Because of Larmor dephasing

that cannot be rephased by microwave phase changes, the echo
amplitudes are smaller than the signals at the begin of the preces-
sion (@=0). An important qualitative difference between the two

v T T ¥ T 1 i LI 1 ¥

A(7y ,7-)=5/8—2/16c0$20 7, )—2/16c0$2Q 7_)

—3/16c082Q0[ 7.+ 7_]) cases is the additional dephasing right after the microwave phase
change which occurs only for small Larmor separafgmong spin-
—3/16c082Q[ 7. —7_]). (57) spin coupling.

245105-16



THEORY OF TIME-DOMAIN MEASUREMENT OF SPIN. .. PHYSICAL REVIEW B 68, 245105 (2003

is similar to Eg. (51). The dimensionless function ment in Fig. 8 has some inaccuracies: This sketch shows

Tgﬁh((m ,a_) is defined to be neither why the second dephasing process occurs right after
the microwave phase change, nor does it illustrate why the
T, ) echo is smaller than the initial signal. Remember that no
incoherence is assumed at any point of the calculation. The
gmax, A(Xar, Xa_) difference between the illustration of the Rabi-echo experi-
:f f ! dB; dx ®,,(B1) 5 (59 ment and the result of the calculation in E§7) is that the
- 1+x different Rabi frequencies which are due to a distribution of

which takes Rabi-frequency distributions duegtéactor and ~ Larmor frequenciegbecause of the Lanefactor inhomoge-
B,-field inhomogeneities into account. The variable ~ neity) do not only cause a vertical dephasing in zthg plane
:=yB, 7. is defined in analogy to the definitions in Secs.of the Bloch sphere as shown in Fig. 8, but also a horizontal
V B and V C. For theB; distribution, an arbitrary function dephasing about theaxis which is neglected in Fig. 8. The
®,(By) is assumed. Note that both. =0 and thusa latter cannot be rephased due to the microwave phase
=0 as long asr, < 7ygp°- change, which is the reason why the echo amplitude is
Equation (57) shows that Rabi echoes can exist: Whensmaller than the signal itself.
Eq. (57) is convoluted with the Rabi-frequency distributions ~ The result in Eq(57) is based on the assumption that no
as done in Eq(59), the first three oscillating terms will incoherence is present. This means the entire spin motion
dephase with increasing, and r_ . Dephasing also occurs described takes place without the loss of a single spin pair. In
for the fourth term{cos(2)[ =, —7_])}; however, whenr, a real experiment, recombination will take place, making the
= 7_, which means in the case when the second pulse witecho smaller the longer the microwave pulses become.
opposite phase is as long as the first pulse, a rephasing oklence, a two pulse Rabi-echo experiment repeated for dif-
curs. Note that the recombination echo effect caused by thierent phase change times is an excellent way to measure
Rabi oscillation is much smaller than the signal itself. the coherence decay of recombining charge carriers. As long
For a better understanding of the qualitative behavior ofas spin relaxation is sufficiently slow, this coherence decay
the Rabi echo, the functiofs"{ @) is plotted in Fig. 9. This  will reflect the recombination probability of the charge car-
plot, whose argumeni:=a,+ a_ is the sum of the two riers trapped within the spin pairs.
pulse lengths variablese(_ =0 as long asr, < 7jgg-), dis-
plays essentially the function in E¢57) under consideration
of dephasing due tB;- andg-factor inhomogeneities similar When large Larmor separation is present, the Rabi fre-
to the assumptions of Sec. V. The plot reveals another intelguencies(), and Q,, are different. While the angle, be-
esting qualitative feature of the Rabi-beat oscillation echdween the externally applied magnetic fi@lg and the direc-
sequence: Due to the second term of Egj7), a second tion of the Rabi oscillation of the arbitrarily chosen sgin
dephasing process starts right after the phase change is intloecomes perpendicular, the anglg of the other spin van-
duced which gives the entire function a steplike shape. Witlishes, which means its Rabi frequency reduce$){e= wy,
the result of the calculated evolution of the spin-pair en-— w, the difference between the microwave frequency and
semble plotted in Fig. 9, it is important to emphasize that théts Larmor frequency. Therefore, the expressions for the two
graphical Bloch-sphere illustration of the Rabi-echo experitransformations turn into the form

2. Echoes at large Larmor separatiofiw,— w,=>yB,)

Me(i/Z)(wb—w)Ti 0 ¥ 7]e(i/2)(wb+ ®) T4 0
0 Mef(iIZ)(waw)Ti 0 = ne*(i/Z)(wa&u)Tt
D.(1+)= + 77e(ilz)(wb—:sw)fi 0 Me(i/z)(wb—w)ft 0 (60)
0 -+ ne—(i/Z)(wb+w)Ti 0 Me_(ilz)(‘”b_“’)”i

with n=sin(Q,7./2) and w=cos(),7./2). When these Equation(61) is only dependent on the Rabi oscillation of
terms are plugged into E¢4), the diagonal matrix elements spin a, which is not surprising, since spin is far out of

of ;) reveal the same spin-spin interaction independent forniesonance with the microwave radiation and the echo is com-
as in Eqs(47) and(48) and thus, the relative density change pletely due to the rephasing of an ensemble consisting of

becomes only one of the two pair partners. In this regard it is impor-
A7y, 7 )=1ZA1—1/2c0¢Q [ 7, —7_]) tant to mentiqn that the dephasing o_scilllation has a frequency
Q,, the Rabi frequency of the oscillating pair partner. The
—1/2co8Q [ 7. +7_]) oscillation described in Eq57) has a frequencyQ, due to

_ . . _ the motion of both pair partners or, when the spin pair is
12sinQar, )sin(Qar-)cog [ 7, — 7_]). considered as one entity, due to the precession of a$pin
6) =1.
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An expression that is indicative of Larmor oscillation ap- VIl. SUMMARY AND CONCLUSIONS

pears in Eq(61), similar to Eq.(57). This expression can be The motivation and idea of pulsed EDMR experiments on
neglected due to the same reasons as before and just tV?ﬂarge carrier recombination of semiconductors was out-

oscillation terms depending on the_difference and the sum 9fned. Pulsed EDMR is based on the short coherent ESR
the pulse lengthsr, and 7. remain. Both terms lead 10 aninylation of spin states of charge carrier pairs and the
dephasing oscillations when they are convoluted witlBe g hsequent transient measurement of the recombination rate.
and g-factor inhomogeneities. However, the term that de-pqr the description of pulsed EDMR, a general model of spin
pends on the pulse-length difference is rephasable when @pendent recombination was presented under consideration
phase change d, is introduced. Whenr, =7_, the con- o gpin-exchange and spin-dipolar interaction, triplet recom-
tribution of cos(};[7, —7_])=1 for arbitrary values of),  pination and spin-spin relaxation. This model allows to elu-
and thus an echo effect takes place. Since the pair paitnergjgate analytic expressions that make a quantitative and
that is out of resonance does not contribute to the OSC'”a“Ortqualitative interpretation of pulsed EDMR measurements
the net hrecombmatmn change A(7.,7-)  possible. Among the observable phenomena are Rabi-
= ¥B1®4(w)Tg (@ ,@-) depends only on the-factor  oscillation imprints on the photocurrent transients and the
distribution of spina and the convolution of the oscillation current detected recombination echoes which |mp|y the pos-
function A(7, ,7_) with the B;-field inhomogeneities. The sibility of coherence decay measurements. Hence, quantita-
latter is represented byei'{«) whose dimensionless pa- tive information about rate coefficients of recombination
rameter was defined abov@igﬁh‘(a) is also illustrated in transitions and other electronic processes can be measured
Fig. 9. Similarly to the pulse sequence for small Larmorselectively for distinct paramagnetic centers.

separation, an echo effect is predicted which does not fully Due to the generality of the model for spin-dependent
rephase all spins either. In contrast to the case of small Larecombination, the theoretical foundation of pulsed EDMR
mor separation, only one dephasing process right at the b@resented above can provide a broad base for the quantitative
ginning of the pulse sequence is present; no second dephaamad qualitative investigation of various electronic processes
ing takes place right after the phase change is introducedhn different materials. Thus, pulse EDMR could provide
This is a major qualitative difference between small andnew insights into the nature of charge carrier recombination
large Larmor separation and hence a distinction of strongn bulk semiconductors, semiconductor interfaces as well
and weak spin-spin coupling within the charge-carrier pair isas semiconductors devices such as thin film transistors and

possible. solar cells.
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