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Fluorescence-detected magnetic resongdREMR) allows one to monitor magnetic resonance phenomena
via fluorescence. Experimental FDMR data obtained using single triplet-state chromophore guest molecules in
a low-temperature organic host matrix are analyzed using a stochastic approach to describe triplet electron spin
dephasing resulting from frequency fluctuatidnsinduced by host-matrix proton spin dynamics. Modeling
the fluctuationsU! by a sum ofN independent random telegraph processes with the same jump taie
different variancesr, we construct an exact set of equations for the density matrix of a five-level molecule
averaged over fluctuation historiésf. These equations provide a basis to study non-Markovian effects of
microwave-(MW-) field-dependent dephasing in the FDMR response of a molecule undergoing slow fluctua-
tionsU! (o?/1?°=1, o?= Eaﬁ) to a MW field that is resonant with a transition between triplet spin substates.
Both frequency- and time-domain FDMR phenomena sucki)apower-broadened FDMR line shap€s)
FDMR Hahn echo signals, an@i) FDMR free induction decay are studied. Analytical expressions for the
FDMR response are obtained in the ca@ek} Wherek} is an intersystem crossing rate. Experimental data on
power-broadened line shapes for a pentaggnterphenyl pair which demonstrate a pronounced effect of
MW-field-suppressed dephasing are explained in the context of the tH&8363-18208)00337-3

I. INTRODUCTION very useful for obtaining a wealth of information about
single triplet electron spins. Observations of FDMR line
Since the first pioneering observations of absorptmmd ~ shapes?*2 of the influence of microwaves on the fluores-
fluorescence® spectra of single chromophore molecules em-cence intensity correlation functiog®(7),”*%%%and of
bedded in low-temperature host matrices, a variety of experithe fluorescence recovery following a pulsed MW ftéld
mental methods have been applied to uncover different kindprovide data on the transition frequencies between triplet
of behavior of individual guest molecules in solids which arespin substates, the intersystem crossings rates for different
usually hidden by conventional ensemble averaging. Inhertriplet substates, isotopic effecfs!®2%?%tc., for single pen-
ently single-molecule phenomena such as spectraicene(Pc¢ molecules inp-terphenyl(PT) crystals(the “hy-
diffusion*=® photon bunching,” and antibunchiny have  drogen atom” of SM$ Furthermore, owing to the long-time
been observed. Additionally, a new field of condensed mattescale character of FDMR experiments where temporal aver-
spectroscopy, single molecular spectroscq®MS), has  aging replaces conventional ensemble averatfirpherent
been advanced and developed. Using sensitive techniquésnsient phenomena such as nutdtfoand the two-pulse
one can now measure the distribution of spectroscopic pa-ahn spin echtd have been observed on single triplet spins
rameters associated with different individual moleculesand used to characterize the dynamical processes in the em-
Moreover, it is possible to study the interactions of a singlebedding matrix that contribute to triplet spin dephasing.
molecule with its nanoscopic local environment and to un- In the simplest case the information about triplet spin
cover the dynamics of various processes occurring in thelephasing is reduced to the determination of a dephasing
neighborhood of the moleculgee, e.g., for a review Refs. 9 time T, obtained by fitting the FDMR experimental data us-
and 10 and the recent book in Ref.)11 ing calculations based on the well-known Bloch equations
Of increasing importance in SMS is fluorescence-detecte¢BE’s). Such descriptios have provided approximate
magnetic resonand&@DMR), where one observes changes inagreement with observations but could not explain some im-
the fluorescence intensity of an optically excited individualportant features of the experimental data, especially in the
molecule that occur when the molecule interacts with a cwtase of strong MW fields. Meanwhile, as was recognized
pulsed microwavéMW) field that resonantly drives transi- long ago?~2°the BE-based theories are correct only when
tions between molecular triplet electron spin substates. It hahe dynamics of the embedding matfixath is very fast so
been demonstrated in Refs. 12—-22 that this combination ahat one can neglect the correlation timg of the triplet-
SMS and electron paramagnetic resona(fitR methods is  spin—matrix interactions in comparison with the other rel-
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evant characteristic time@®.g., withT,). At liquid helium S — 1

temperatures the main source for pure dephasing of a triplet CLISC K | X gt ExtUY
spin of a typical chromophore guest molecule in an organic o

host matrix originates from the fluctuatioh$' of its reso- T—T MW
nance frequency due to interactions with nucléaroton '(ifNe)’ fluor. 7 Yo E,+UL
spins in the host matriX which perform mutual flip-flops in
a random way and modulate stochastically the triplet sub- £ 18C, KT,
state energies via hyperfine dipole-dipole interactions. From

the analysi® of phosphorescence-detected magnetic reso- J

nance(PDMR) experiments on ensembles of triplet spins, So 0

one can expect the fluctuatiob® to be slow in the sense of FIG. 1. Model of a five-level system for a single chromophore
the Kubo classificatioR’ o=, whereo is the variance of mollecule.in a Iovy-temperature matri®, is the lowest singlet state,
the fluctuation®Jt andv is the average proton flip-flop rates. S, is the_flrst exc_lted smglet. state, aiﬁdf X,Y,Z are three substates
Under these conditions there is no longer a time scale sep8! the first excited zero-field-split triplet staté, . Intersystem
ration between the correlation time~ v~ of the bath and  ¢°SSINGSISC'S) S;—T and T—$, occur with ratesky andky,
the dephasing tim§deph0f a triplet spin. As a consequence, res_pectl_vely. The laser field is in resonance wnh_&lﬂeso t_ransmon
the standard Markov-type BE’s are no longer valid and neWwhlle microwaves are resonant with teZ t.ralnsmon..TrlpIet sub-

. . . state energie& fluctuate due to stochastic interactiod$ of the
non-Markovian effects begin t_o be mporta(pée, €9, Refs. triplet electron spin with the host matrix nucle@roton spins un-
28.—35 and references thergimhe relaxat|on_ of a .tr|plet dergoing mutual flip-flops in a random way.
spin then depends not only on the state which it is in, but

also on its past history—the pathway through which it

. parison with the host spin flip-flop rate, these equations
reached that state. In other words, memory effects begin educe to much simpler equations describing the isolated
play a role. In particular, one of the most important expecte

Markovi ffects is the d d f fluctuati volution of two resonant triplet spin sublevels only. In Sec.
hon-Varkovian €fiects 1S the dependence of fuctualiony .o apply the general theory to study frequency- and time-
induced triplet spin dephasing on the strength of an applie

: > . omain FDMR phenomena includindi) the power-
MW field. A sufficiently strong MW field can suppress com- broadened FDMRF;ine shagsec. 11l A) agd)(ii) the IF:)DMR
pletely the dephasing. This effect is analogous to “spin

locking” known long ago in the PDMR spectroscopy of an free induction(Fl) decay and the FDMR Hahn ech&ec.

ensemble of spingsee, e.g., Refs. 36-B9In the present l1B). Simple analytical expressions for the FDMR signals

. i )
paper, we use the stochastic approach of Kubo to describ‘gare obtained wherk;<v. Experimental data on power

the pure dephasing of a triplet spin due to the host nuclea rolade:]ed_FDPI\_fI_Fb(—Zttrlansmofr_]t I|r;e| shapesd.of smglg ﬁ.ch
spin dynamics and study its manifestations in different 10 €CUIES N crystass are Tit at ‘'ow, medium, and hig

: : W field strengths with v/27=30 kHz and /27
FDMR phenomena in guest-host systems with slow dephaé\_-/I )
ing fluctuationsJ'. To be more specific we use in our analy- =85 kHz._ It is shown that the_FDMR Fl. decay rate after a
sis the parameter values typical for thetHRT system. We .77/2 pulse in the Pf% P.T system Is determined mainly by the
demonstrated the agreement between theory and experimemgomogeneous d|str|but!o_n while the FDMR Hahn 9Ch0 de-
on the observations of power-broadened FDMR line shape&?Y Can Serve as a sensitive tool to derive information about
of single Pc molecules in PT crystals which show a pro_t e model parameters and o. Section IV concludes the

nounced effect of MW-field-suppressed dephasing More_article with a brief discussion of the main results. The Ap-
over. we discuss the time-domain EDMR phenom.ena Orpendix contains some lengthy calculations needed to derive

single molecules: the FDMR free induction decay and thethe basic equationgl63—(16d. Additionally, we construct

FDMR Hahn echo. Preliminary versions of the theory and ofand Qiscuss in the Appgndix th? other completely equivalent
its applications to describe previous experimental daté)on version of these equatlons,_belng well known as the equa-
the power-broadened FDMR line shapéis) the transient tions of the sudden modulation theory.

nutationsiii ) the fluorescence intensity correlation function,

and(iv) the FDMR Hahn echo on single triplet-state Pc mol- Il. THEORY

ecules in PT crystal have appeared in Refs. 40—-42.

The organization of the paper is as follows. In Sec. Il we
introduce the model of a five-level single molecule driven by We describe a single guest chromophore molecule as a
optical and MW fields. Starting from a stochastic Liouville five-level quantum systertFig. 1) where|0) is the ground
equation for the molecule with fluctuating triplet spin transi- singlet stateS, of the molecule|1) is its excited singlet state
tion frequency, we deduce the equations for the density maS,, and|T) (T=X,Y,Z) are three substates into which the
trix of a molecule averaged over the fluctuatiods An lowest excited triplet stat€; is split (in zero magnetic field
additional averaging over an inhomogeneous distribution oby magnetic dipolar interaction of the two unpaired triplet
possible frequencies of resonant triplet spin transition freelectrons®® All molecular states are zero-phonon states be-
quencies, resulting from different proton spin configurationscause they are the only essential ones due to a very fast
of the Pc molecule, is also discussed. A modeNafandom  internal conversion processes within their respective
telegraph processes for the fluctuatidi'sis introduced and vibrational-state manifolds.
an exact set of equations is derived which can be used to The molecule is driven by a saturating cw laser field
calculate the average density matrix of a molecule. In thé&E(t)=E " exp(—iwgt)+c.c. that is in near resonance with the
case when the intersystem crossing rekgmre small in com- optical molecular transition 1-0. In general, the optical fre-

A. Model and general discussion
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guencywy, of a single guest molecule in a low-temperaturethe  five levels: p{Q5'=0.4582, p{%5'=0.2013, p{Yst

host matrix is subjected to spectral diffusion which can arise~0.0324, p(ﬁ)stzo_138& an@é%’“zo.lezs.

for example, as a result of the interaction of the molecule |5 FDMR spectroscopy, two of the three molecular triplet
with neighboring two-level systems in the host matrix which gypstates are coupled by a cw or pulsed MW fiBigt)
undergo phonon-assisted tunneling transitions that lead te B*exp(-jwt)+c.c., resulting in a rearrangement of triplet
instantaneous jumps in the molecule’s optical transition frespstates populations which, in turn, modifies the fluores-
quency. There have been numerous experimest#, €.9., cence intensity in the singlet-singlet channel. Moreover, the
Refs. 5 and 44—47and theoretic4?“° studies of such jum- M field creates a coherent superposition of the triplet sub-
plike optical spectral diffusion of a single molecule in crystal states. To be more specific we will assume in what follows
or amorphous matrices. However, spectral diffusion does nghat the MW field is nearly resonant with the transition
play a role in the FDMR experiment§;°"which are of  x.7 (w=aw,,). In contrast to the optical channel 1-0, the
main interest in this article, since the samples oftPT  frequencywy. is subjected to fluctuations; i.e., it is a sto-
mlxeq crystals are specially prepargd to suppress speptrg.hastic processol = wy,+ Ut (Ut=UL—UY, (UY=0).
diffusion (the samples have no domain structure responsibl organic impurity crystals at low temperature the fluctua-
for presence of structural tunneling two-level systems an(?ijons U! originate mainly from the interactions of a triplet
thus for spectralidiffusio‘?’?). Let us_recall also that previous electron spin with fluctuating nucledproton spins in the
ensemble experiments on PET mixed crystaf¥’ have also host matrix2® As is well known, the fluctuations destroy the

revealed the complete linewidth of the Pc optical transition v/ old-induced coherence or, in other words, result in a

to be lifetime limited; i.e., it had no additional pure dephas'pure dephasing of the transitiofrZ. The characteristics of
ing contribution resulting from any frequency fluctuations.

Therefore, below we treat the optical transition 1-0 as havin fluctuationsU® (correlation timer , varianceo, etc) and, as
' P ell, their manifestations in various FDMR phenomena are

constant frequency. Absorption of a photon from the Optlcalof the main interest in this article. Again, it should be under-

fllelqtﬁrlngs t:e m dolet():ule ftr.om ground staée 0 t(ihexg[tf?d Stat%tood that due to irregularities of the host crystal lattice, the
with an induced absorption raoUop: (Bio is the differ- o yioa) characteristics of fluctuations can vary from

sntla!t Elnrs]_tlelr:hcoefflc[[ent andop, IS f[he optlialhrao!latfgt molecule to molecule and the great advantage of single-
ensity while the spontaneous emission events havingAate molecule spectroscopy is the opportunity to study the distri-

return it back to state 0 with emission of fluorescence phoy, iy of these characteristics among different single chro-
tons. Counts of these fluorescence photons by an appropri

. . ) . ophore molecules.
detector provide a measured signal in the FDMR technique. Ilr31 the presence of optical and MW fields and of ISC tran-
By means of intersystem crossingkSC'’s) the singlet

statesS,,S, of a molecule are connected with the triplet sitions, the single molecule acts as a five-state system exhib-
I iting quantum jumps of three type6) jumps between sin-
substatesT. Owing to ISC eventsS;—T the molecule re- 94 Jump ypee) jump

i : "t glet statesS, andS; accompanied by absorption or emission
laxes from state 1 to the triplet substalewith ratesky. The ¢ photons(ii) jumps between singlet and triplet statemn-

ISC processes result also in tran5|t|ons from subsfates  gjtions S, T and T—S,) which result in emission of
the ground singlet state 0 with ratég. As a rule, the  phonons, andiii) jumps between resonant triplet substates
population/depopulation ratéer kg of triplet substates are and z with induced absorption or emission of MW field
different for different substates, depending on the symme- quanta. Typically the spontaneous emission ¥atis much

try of the molecule. In particular, most of the planar aromaticjarger than the ISC transition probabilitielst, ki (A
mlolecul$s which are of main interest in th|s_art|cle h_av_e rates_1f s 1, k%, kg~ 10°-1¢* s7Y). In a saturating optical

kt andk, of the two inplane sublevels,Y which are similar  fie|q, there are many fluorescence photons emitted before the
and higher by a factor of-10-100 than those of the out-of- mgjecule is shelved in one of the long-lived triplet substates.
plane sublevelz® As a result, the average steady-stateagter the molecule returns back to the ground state due to the
populations of the trip_let syblevels of the molecule excitec_i|SC T—0 transition, the absorption-emission cycles in the
by a resonant cw optical field and subjected to ISC transiq_q gptical channel are restored until the next ISC transition
tions are inherently different and it is this circumstance thagg the triplet state. As a result, fluorescence photons emitted
provides a physical basis for the FDMR teTchnlque. For Py a molecule are grouped in bunches of average duration of
molecules in PT crystal the ratde; and k; have been the order of L (Ref. 7) separated by totally dark intervals
determined in Ref. 15 to be equal t=66x10° s™!,  \yhose average duration is determined by the average resi-
ky=29x10® s71, k3=0.28x10° s'}, and k{=20 dence time of a molecule in the triplet state. Thus, the de-
X10° s71, k§=20x10° s !, and kj=1.2x10°® s°! (it tailed stochastic dynamics of a single molecule is rather
should be noted that the investigations of Ref. 18 have recomplicated and is characterized by many time scales. In
vealed variations of these rates among different single Pprinciple, this jumplike evolution of a molecule can be de-
molecules, but to simplify matters, we use the above valuescribed (and simulatefl in terms of continuous quantum

in our calculations Given these rates and a spontaneousneasurement theory, in which emission of fluorescence
emission rateA=43x10° s ! for the Pc singlet-singlet photons on the 1-0 transition and emission of phonons on
transition® one finds that, under conditions of optical satu-ISC transitions -T, T—0, constitute measurements that
ration (for an optical Rabi frequency \2=92x10° result in the projection of a molecule into a particular quan-
s ! whereV=—p,E*/# andp,gis the transition 1-0 dipole tum state. Continuous measurement theory has been applied
moment matrix elemeht the average population previously to a simple model system, consisting of a single,
of the substateX in steady state will be the largest among laser-driven, two-level chromophore molecule strongly
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coupled to a single tunneling two-level systéLS) in an An additional feature of FDMR experiments is the neces-

amorphous host matri¥. In this case, the molecular sity to take into account the distributid®(wy) of possible
guantum-jump d_ynamics is described in terms of a S,tOCh.aStiﬁequencie&?xz of the transitionX-Z with frequencieszxz
(four-statg semi-Markov process. The quantum Liouville ¢orresponding to some specific configuration of proton spins
equations for the density operator of the combined quanturgf 5 molecule. This configuration introduces a shift in the
system “molecule-TLS” were constructed within the con- energies of substateX,Z owing to hyperfine interactions
text of continuous measurement theory and used to Calcula(fﬁﬁ-s) between a triplet electron sp®= 1 and the surround-
th_e c_onditional jump.probabilities and the waiting time Qis- ing proton spind?15During the triplet-state lifetime the trip-
tributions. An extension of the theory of Ref. 53 to our five- |g( glectron spin influences strongly the proton spins at the
level molecule can be performed in a straightforward way. chromophore molecule; consequently they become energeti-
In many cases, however, the above detailed description Qfy|ly detuned from the proton spins in the host matrix and,
a single molecule’s evolution is excessive and, from a theory that reason, cannot participate in energy-conserving mu-
retical viewpoint, one can simplify matters by obtaining only ;5 flip-flops with the bulk proton spins. That is why these
some average information on the state of the molecule. In th@hromophore molecule proton spins are usually termed as
case of FDMR spectroscopy of single triplet spins, one«rozen” spins or a “frozen configuration” of spins. After
monitors the average fluorescence intensity) or the  the molecule returns back to the ground singlet state the
second-order correlation function of the fluorescence inteng|ectron spin vanishes, its influence on the chromophore
sity g®)(7) =(1'1'" 7)/(1")? as a function of the applied MW  molecule proton spins disappears, and they acquire an oppor-
field. Owing to the inherently low signal/noise ratio, it is the yynity to change their spin state through flip-flops with pro-
necessary to accumulate signals during a rather long perio@n spins in the host matrix. Therefore, when a molecule
of time. Usually the duration of a full FDMR experiment is reenters the triplet state, the configuration of its proton spins
very large in comparison with the average total length ofcan differ from the previous one and, as a consequence, the

“bright” and “dark” periods of fluorescence. For example, f - .
: . . requencywyz of the transitionX-Z can be changed slightly.
the observations of FDMR line shapes, which show up a%uring the long FDMR experiment time all possible proton

changes in the average fluorescence intensity when one scagﬁn configurations are sampled and thus the population

slowly the cw MW field frequency through the EPR reso- o .
nancgwxz (OF wyy), consistsqof mayny scags with the typical (p},) of state 1 must additionally be averaged over the dis-

- =N TR gt - ; ;
time for each scan equal to 10(Ref. 19 and the full ex- tribution P(wxz):  p1,=[dwxz(p1)P(wxz). It is this
periment taking a few minutes. In experiments on FDMRdoubly averaged populatiop;; of the excited singlet state
coherent transients such as Ref. 14 on FDMR nutation owhich is monitored in FDMR experiments. In fact, the dis-

Ref. 17 on a FDMR echo, a molecule is subjected to a sexipution P(wy) is the single-molecule equivalent of a con-
quence of MW pulses, each representing a “single transienjentional inhomogeneous frequency distribution. In the case
experiment.” The sequence of pulses is repeated many timeosf the Pc molecule the distributioP(wyy) is strongly asym-
with the delay between the sequences sulfficiently long Qnetric with full width at half )r(naximum (FWHM)
allow the molecule to return to its steady-state response in~5 MHz.1554 Note that, in principle, one can modify the

the absence of MW fields. The fluorescence photons ar —
P gistribution P(wxz) by deuteration(by using the other

counted during some observation ting, after the last hemical substituti £ ch h lecul f
pulse in a single sequence which, typically, is equal to 1 mscémical su stitutionsof chromophore molecules or o

Thus, during a complete FDMR experiment using either cyduest crystal molec_ules as well. For example, in the case of
or pulsed MW fields, a molecule has time to enter the triplef”¢tPT samples with deuterated Pc/PT molectite¥ the
state many times, interacting there each time with the MwdistributionP(wx) is practically eliminated due to strongly
field and experiencing a random chanye= fdxU* in the ~ (~40 timeg decreased hfi’s resulting from a reduced deute-
relative phase of the resonant substaXeand Z in accor-  rum nuclear moment which is approximately 6 times
dance with the specific history of stochastic frequency flucsmaller than that of a proton. Below we will discuss the
tuationsU" during the triplet state lifetime. Long-time-scale FDMR experiments made using usual nondeuterated samples
FDMR experiments average over individual histories of awith nonisotopically substituted carbons.

molecule in a triplet state and, as a result, the theoretical First we discuss the calculation ¢p3,). The standard
description of such experiments can be given in terms of thenethod of solution is to construct equations for the averaged
density matrix of the system. Conventionally, this method isdensity matrix(pitj>, which are usually referred to as master
associated with some ensemble averaging which, in ordinargquationdME’s), and then to solve them with respect to the
spectroscopy, is just the average over many different moldesired elemertp',). The simplest form of the master equa-
ecules. In the case of a single triplet electron spin this entions is the well-known BE'$*® These equations incorpo-
semble averaging is replaced by time averatfiryer en- rate the ISC transitions and the spontaneous transition 1
sembles of experiments on a single molecule. Both kinds of-0 through rate coefficients in equations for diagonal den-
averaging are equivalent, in accordance with the ergodigity matrix elementgp’;). The transitions contribute also to
principle. Thus the FDMR observablthe average fluores- the dephasing rates of relevant transitions. An additional
cence intensityl') and the second-order correlation function soyrce for dephasing is fluctuations of the transition fre-
of the fluorescence intensity?)(7)] are proportional to the quency, usually referred to as pure dephasing. In the BE’s
excited singlet-state populatidp},) averaged over fluctua- such effects are incorporated by additive contributions to the
tionsU" and it will be our aim below to calculate this quan- dephasing rate coefficients. For example, the decay rate of
tity. the coherence between the triplet substatesdZ is equal
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to I'yz=Axz+Kxz (with a dephasing timeszzzl“gzl), known statistical prop?rties p'rovide us with the possibility to
whose nonadiabatic patt,= (kX+k2)/2 is connected with exactlyaverage ovel)" histories and to obtain simple ana-
escapes of molecules from statésand Z due to ISC pro- lytical expressions for the observables.
cesses and whose adiabatic gag, results from frequency
fluctuationsU' associated with the transitiog-Z. _ )

Meanwhile, as has demonstrated long ago in magnetic 10 construct the master equation for a five-level molecule
resonanc®?® and more recently in optical spectroscopy intéracting with optical and MW fields, we start with the
(see, e.g., Refs. 28—35 and references thgréia BE's pro-  Stochastic Liouville equation for the density matrix of the
vide an appropriate description of a pure dephasing only ifnolecule, including fluctuations of th¥-Z transition fre-
those cases when the correlation timeof dephasing fluc- duency. The density matrix evolves as

. : ) I .
tuﬂii)nsu_ (or, iaq_wva_\lently, thgir inverse spectrum W|d_th itzDrt—iFU‘rtJrro, 1)
v. =7 is negligible in comparison with other characteris-
tic time scales of the system, such as the inverse MW fielavhere r' is a column vector whose elements (i
Rabi frequencyryw=(2W) ! (W= —py,B*/% andpy,is =1,...,8) are density matrix elements r}
the X-Z transition dipole moment matrix elemerdnd the = (pio,pi1,000,P01.0Vy Pxz,A'07x), Where A'=(piy
dephasing timeT,_, itself. Under these conditions one can —p!_)/2. In a basis rotating at both the optical and MW field
take the fluctuationd)! to be & correlated[the correlation frequencies and in the rotating wave approximation, the ma-
time 7.,=0 and the correlation function(U'U®  trix D of Eq. (1) is time independent and of the form
=2Ky78(1), Kyz=/[gdt(U'U%]. If, however, the condi- _
tion 7.< 7y IS violasc)ed, pure dephasing processes become D=Dy+Dk+Dw, @
MW field dependent and, at large MW field intensity whenwhere
2Wr.>1, one can expect the dephasing to be suppressed
completely by the MW field. Spectroscopically, such sup-

B. Basic equations

—ie iV —iV 0

pression will manifest itself as a difference between experi- iv. -A 0 =iV Zy,

mental observations and predictions of the BE's. Well- Dy=| —iv A 0 iV )
known effects of this nature, which have been studied ) _ i

experimentally in other systems, are deviations from the BE 0 —iV iV ie-AR2

predictions of power-broadened line shapes in gasésr Zas Zas

of decay rates of coherent transients in impurity ion crystalsand
like Pr*:LaF; (Ref. 58 or ruby (Refs. 59 and 60 As ap-

plied to PDMR experiments on ensembles of spins the sup- Zs;s Zs3

pression of triplet spin dephasing by a MW field has been Cis —'\/EW 0

discussed in Refs. 37 and 61 where this effect has been Dyy— ! ()
termed as “spin locking.” Note also that, generally, the w Zs3 —i\/EW 0 —i\/§W

character of the MW field dependence of dephasing process 0 —i2w is
proves to be different for systems with fast fluctuations

(o7.<1; o is the variance of frequency fluctuationrsnd are matrices describing the dynamical interactions of the
for systems with slow fluctuationss.=1).%” To describe molecule with the optical and MW field2V ande are the
FDMR phenomena in systems where the conventional BE'Rabi frequency and detuning for the optical figkehich acts
fail, one needs to use a “generalized master equations'dn the 0—1 transitior), 2W, and § are the Rabi frequency
(GME’s) (see, e.g., Refs. 29-B8%r some other equivalent and detuning for the MW fieldwhich acts on theX-Z tran-
approaches. Hereinafter we use a stochastic-model approasttion), and Z,, , are mxn block matrices with zero ele-
with some specific model for the fluctuations' whose mentd and

—kql2 0 0 0 0 0 0 0
0 —kr 0 0 0 0 0 0
0 —ky*t -kyt* 0 ky—kytt 0 2k~ “ 0
0 0 0 —kg2 0 0 0 0
D= o kY 0 0 —ky 0 0 0 ®
0 0 0 0 0 —kgt4 0 0
0 —Kki_,+ky %2 ky 42 0 ky 412 0 -—-k3** o0
0 0 0 0 0 0 0 —ky't
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is the matrix accounting for the ISC processes ki kx i N . Bt
+hhHkE, KEFZ=(KE£KE)/2, andky_,=(kk—k3)/2. The ~ R'=DR- deTL (UUT)+r, LT T=Fem TR,
second term in Eq(1) takes into account the effects of fre- (9)
quency fluctuationd)® on the coherencegy,p5y; there-

fore, the matrixF has two nonzero elements only: This equation, however, is not a ME owing to the presence

of the correlation functiogU'Ur ") in the integral term. The

7 7 simplest case, when E¢Q) becomes closed with respect to

%2 32 the vectorR!, is that of 5-correlated fluctuation&)!, when

3 1.0 0 (U'UTT7y=2K,6(t— 7)R% In that limit, the integral over
F= Zs3 0 0 ol ®  timein Eq.(9) disappears, reducing it to the standard Bloch-

type master equation for a five-level quantum system having
o 0 -1 the X-Z transition pure dephasing rate equaktg,. In real
The vector r, in Eg. (1) has componentsry systems, where the correlation time is nonvanishing, the cor-
=(0,0k%*%,0,0,0-kX"%/2,0). This inhomogeneous term relation function(U'U"r") is nonzero for|t— 7|<r7., thus
results from our having used the normalization condition_requ'tung“0ne to f?k? tlr:]tohaicountf ?r:)n-Ma:kowan efIgcts,
t t _q_ gt t t . t t i.e., the “memory” of the history of the system on a time
pxxtpzz=1=(p11tpoot pyy) to eliminate pyx+pzz. - ,
Note that Eq(1) without the second term coincides with the SC@/€~7c. One such effect is the dependence of dephasing
BE’s written in matrix form for the five-level system, if one processes on'the M_W field charactt?rlstlcsDotvi/mg to the pres-
puts in the IatterT2_x12= kf)HZa i.e., supposes pure dephasing ence of matrixDy, in the kernelL!""=FeP(~IF of the

. ) integral term in Eq.(9). It follows from Eq. (6) that the
qf thg X-Z transition to be absgnt. Furthermore, if the MW matrix kernel L'~ has only four nonzero elemenlstss
field is absent, one can put, in E¢l), D=Dy+ Dy and

- t : = (expDt)gg, Lgg=— (expDt)gg, Lgg= — (expDt)gs, andL gg
;ﬁgﬁ:;ﬁﬁ;&ﬁ;ﬂg[g:lE(r:“enihe COhe_reM(.QS‘.)ZX vanish = (expDt)gg; i.e., the integral terms in Eq$9) appear only
portant in this limit. in the e ; f h t_ gt t
) t o i quations for the componentB;=(py,), Rg
Our choice for the vector', which is composed of den- alon ih  the correlation  functions
sity matrix elements in a different way than is usually ={pzx) g w : uncti

adopted in the conventional “Feynman-Vernon-Helwarth” (U'U7p%y), <UtL.JTp£X : ) 1
vector description of two-level system dynamic§? pro- If the fluctuations are fast on a time scalgk) ~, one
vides an opportunity to express the matri@g and F in can average the reduced stochastic equiiﬂionl/er fluctua-
terms of the standard spin matricBs andS, (S=1) in a tion historiesU" to obtain the equation foR'=(r'):
Cartesian representatith

Zss Z3s ) :(Zs,s Z3,5)
Zs3 —i(8S,+2WS))’ Zsz S, )

Ri=—i(8S,+2WS)R!
Dw= _fthSZe—i(5sz+zwg)(t—r)sz<utuT?T>' (10)
(7) °
Then, using the commutation rules for these matricegvhose correlation functiofU'U™") is nonvanishing for
[S,,S]=iS,, [S,,S,1=iS..[S,,S,]1=iS,, we are able [t—7|<7;only. The kemneL'~ "=S,e /(S 2WS)(1=7g of
perform some calculations analyticallyee below. this equation contains only four nonzero elements and can be
For timest<(k})‘1, when one can neglect the ISC tran- calculated explicitly using commutation properties of
sitions, it is possible to omit the matri® in Eq. (2) and  spin S=1 operators. Thus, one can use the well-known
then, taking into account the commutativity of the mafiyx  relations  exp—i(6S,+2WS)t}=exp{—iQ(cS+st}=exp
with the matrice,y andF, obtain from Eq(1) the reduced {—iQSt} exp{—i(6S+2WS)t}=exp{—iQ(cS+sS)t}=exp

closed matrix equation {—iQSti=exp{—i6SJexp—iQStlexpifS},  where ¢
_ =c0s6=48/Q, s=sin 6=2WIQ, QO=(&F+4W)¥? is the gen-
T'=—i(8S,+2WS)ri—is,ufrt (8)  eralized Rabi frequency of the MW field, an§,=cS,
) ) - ) ~ +sS=exp—i65)SexpifS} is the S, operator in the
for the three-dimensional vectaf having components,, M .-field-dressed-state” basigthe transformation to this

=(pxz,A'pzx) (@=1,2,3) describing the evolution of the pasis is performed by the unitary transformaticl
triplet substatesX and Z under the action of the MW field. =exp(—i6S}Eexp(ifS}), and operator identities ekBS}
The two-level system described by H§) can be considered =| -+ Schg+Sshs (i=xy,2),% to obtain the operator re-
as “closed” on this time scale with total populatigsly  |ation exd—iQ(cS+sS)ti=I—iS.sin Ot+S(cosOt—1).
+ p% constant, but not equal to unity. Note that the descrip-Using these relations, one finds

tion of a molecule as a two-level system, consisting of reso-

nant triplet substates, is conventionally used in theories of fim o0 )7

optically detected magnetic resonance spectroscEee, Tt=| 0o o 0 (11)
e.g., Ref. 3Yand is especially effective when one considers —r - '

transient FDMR phenomenraee Sec. Il B. f2 0 (fy ")

Returning to Eq.(1), averaging over realizations of the where
stochastic procedd!, and substituting the formal solution of
Eqg. (1) into —iF(U'r') one obtains the evolution equation
for the average vectdR'=(r"):

2

s
c’+ 5) cosQt—ic sin Ot, (123
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s? and it is this neighboring spin, undergoing transitions be-

fo=— - (cosQt—1). (12b  tween its states at random moments of time, which modu-
lates stochastically the triplet substate energies through the

In turn, the kerneL'~ " of the complete equatiof®) can be  diagonal part of its dipole-dipole interaction with the triplet
expressed, at small times<(kj) ", in terms of the kernel electron spin. In real molecular systems there are many flip-

L7 of the reduced equatiofil) as follows: ping proton spins around an impurity molecule and, there-
fore, in this case it seems to be more suitable to model the
L= Zss Zss (13 fluctuationsU! by a sum ofN independent random telegraph
B Zsz LU7)° processesy'=3} UL, with each component process,

having the same jump frequenay, equal to the average

For the systems under discussion, typical correlationjipping rate of proton spins in the host matrix, but different
times 7; are of the order of the inverse average frequency ofin general casevarianceso, according to different dis-
proton spin flip-flops in the host matrapproximately sev- (ances between the proton spins and the triplet electron spin.
eral us), while typical triplet substate lifetimes due to ISC gejow we refer to this model as ahRT. As is known well,
processes are on the order of tens of microseconds or morg, ihe case of equal varianceg at N— the N RT process
Since the kernel in Eq9) is nonvanishing only for times of  hecomes; according to the central limit theorem, a Gauss-
order of the correlation timer;, which defines the “life-  Markovian (norma) process. For this reason it is often
time” qf the correlation functioqU'Ur T_), one can use the ,5med a “pre-Gaussian proces®Note, however, that with
approximate form of the kern€l1)—(13) in Eq.(9). Further-  itterent variancesr, this Gaussian limit is not validsee,
more, if Q7.=1, then sinC)(t—7) and cod)(t—7) oscillate e.g., Ref. 69,
rapidly on a time scale of;, allowing one to neglect the  “The N RT model has been used previously in various
contributions from oscillating terms in Eqel28 and(120).  theories to describe dephasing processes due to spin-spin in-
As aresult, the kernel in Eq9) can be approximated as  teractions and to calculate decays of coherent transispiis
echoes, free induction decay, etin spin systems with slow

Z55 Z35 frequency fluctuation&~">Most recentl®*°this model has
. s? 1 0 1 been applied in SMS spectroscopy to describe the
L ) Zss 0 0 0] (14) observations of spectral diffusion in an optical singlet-
’ singlet transition of single Pc molecules in PT crystals due to
1 0 1 the interactions of a Pc molecule with a multitude of tunnel-

through the time integrals of the correlation functions Potential describing librations of the central phenyl ring of
(UL, (UU7pL,). terphenyl molecules between two possible stable posiffons.

In some cases the correlation functiéd'U™ ") can be It should be empha;ized that here we extend the_ pre\Nbus
factored as(U'U™)R", converting Eq.(9) into a ME. For RT model stochastic theories in that_ our calculations of the
example, in the case of weak and fast fluctuatiohswhen ~ "€SPonse of a molecule to external fields are baseeaot
or.<1, (UUT7~(UUTR? [this approximation is consis- equationg Egs. (169—(16d] describing the experimentally

tent with a perturbative solution of E(P) to second order in mon!tored average behavior Qf a mole_cule. In contrast to

U' (Ref. 64]. In the case of strong and slow fluctuations previous theories, these equations take into a'ccamnlta—'

or,=1, which is of the main interest in this paper, the cal-neouseffects on a molecule both of stochastic fluctuations
c= + ]

t_<xN t - . . .
culation of the correlation functioflJ'U™r ) is possible only Y = Zk=1Ux and of external fields and, in principle, they are

using some specific stochastic models for the fluctuatiohs 2PPlicable to calculatany desired response of a molecule to

whose statistical properties provide some kind of relatiorEXternal fields(not only of the echo and FI decay signals as

between(U'U"r7) andR’. In particular, within the model of in Refs. 70 and 71 or of the linear line shape as in Ref. 48
a symmetric random telegragRT) process for the fluctua- In particular, these equations take into account the influence

tions U', where the quantity undergoes instantaneous of the MW.fie!d on the trip!et electron spin de.phasin'g in-
jumps between two values = o and U=— o with equal duced by flipping proton spins and thus make it possible to

" o - _ _ _describe in a proper way the suppression of dephasing by
tr;allgtsiglr:)n ?Jﬂg?g:lty %?nslﬂ?”ﬁ}”_;gggs"s_ Vi 5@38‘3; MW fields. Note that the assumption of equal up an.d down
— o2exp(—2u), correlation timer.=(2v) 1], the decou- JUMP rates for the component processég (the  high-
pling procedurd U'Ur ") =(U'UTR" is exact*®5 and valid temperature assumptlbn; used her_e f_or simplicity and can
for arbitrary ratios of the parametessy. For this reason the be eliminated straightforwardly within the context of the

RT model is widely used in stochastic theories of dephasin&nc’del[See Eq(A4) in the Appen_di)}. )
processes, especially, in the theory of the field-modified pure EaCh component RT procetk is characterized by a cor-

dephasingsee, e.g., Refs. 29-31, 66, and.67 relation function of the form{UjU ) = ocexp{—2u(t—1)},

The RT model, however, is a highly simplified stochasticwhere(- - -)(, denotes averaging over all realizations of the
model. It provides a proper description of experimental dat®rocessU, . Using the known properties of RT process,
for systems with weak fluctuations only for which the “nar- (U})%=o% and(U}Ugr o= {UUD w{r )k and keeping
rowing” parameterazrgs 1. Physically this model corre- in mind that the vector! is a functional of all processés;,,
sponds to the situation where there is only one nudlear-  one can represent the correlation functi@U™r7) in Egs.
ton) spin S=1/2 in the vicinity of a chromophore molecule (9) as
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N
<UtU r T>:e*21/(t*7') E

N
olRT+2 >, (UIUTTTY |,
k,[(k#1)
(15

i.e., express the correlation function in terms of time-time
averagesR™ and (UgU[r"). The angular bracketg- - -)
without indices here mean the total average over possib
realizations ofall component processés; . Clearly, within
the N RT model the decoupling procedurJ'Ur™)

=(U'UTR" is equivalent to neglecting the second sum in

Eq. (15) which is valid only if the fluctuations)! are fast and
weak so that the conditiomwr=2v is fulfilled, where o

=2 azk. In the opposite case of slow and strong fluctuation

N et al. PRB 58

flipping proton spins in the surrounding host crystal to the
single triplet spin. Analysis has shown that such a minimum
but sufficient numbemlN of RT processes in the model is
determined mainly by the value of the raid2v: the higher
the ratio is, the larger must be the numidenf component
RT processes in the model. In Sec. Il we show that for the

@vestigated P¢PT systemo/2v=1.4 and four component

processesN=4) are sufficient to fit well the experimental
observations within ouN RT model. For this reason exact
calculations with Eqs(168—(16d) are restricted in this work
to N=4.

In the Appendix we describe additionally the other more
conventional method that can be used to averagéEgver

Sluctuation histories. The method is known as sudden modu-

o=2v this procedure is not valid and a closed master equation theory?432-347475 pccording to this method Egs.
tion for R” cannot be constructed. Thus, under these Condi(‘16a)—(16d) are replaced by EqA10) for so-called “end

tions other approaches must be used to describe FDMR e

periments.

One such approach has been proposed in the gener,
theory of dynamical systems under stochastic influences

(see, e.g., Refs. 65 and)ABhere, in particular, the powerful
method of differentiation formulas has been developed t

Appendix we show that by applying sequentially the differ-
entiation formula for single RT process&sg(Ur ™) /dr

= —2(Ur g+ (U N, Wherer " is the right-hand part
of Eqg. (1), one can construct aaxact system of coupled
matrix differential equations

N

Rt:DR‘—iFZk Rk, (163

N
Rt=(D—2u)RKI—iF > RkI—jgZFR!, (16b)

I#k

N

RINt=(D 4RI —jF > RikImit_jZERIN

m#k,|

—io?FRI, (160
R{l ..... N}t:(D_ZNvl)R{l ..... N}t
N

_IFEk R{l ..... k—1k+1,...| N}t (16d)
for the averages R'=(r!), RKt=(uirt), Rk
=(ULUlrY, ... RE-Nit= gl Uk, Equations

(16a—(160 are used below to calculate exactly the average

optically detected respong®,=(p};) of a molecule to a

MW field and compare it both with experimental data and

with approximate calculations.
The total dimensionality of Eq$16a—(16d) for our five-
level molecule is & 2N; hence, it increases rapidly with the

numberN of the component RT processes. Therefore, from

the computational viewpoint, it is desirable to haMeas
small as possible. On the other hand, howeWmust be

Ynarginal” averageRI*1' - *NIt which are partial averages
of the vectorr! over only those histories of all component
ocessed)|, which end at timet at some specific valug
Aok, Wwhereh, =sgnU,) (see also Refs. 76 and 77 for a
review and referencgslt should be stressed that E@10)

average the relevant stochastic differential equations. In thqé completely equivalent to Eq¢163—(16d and, in prin-

Ciple, can be used to calculatg),). Note also that the inte-
grodifferential equationg9) can be obtained from Egs.
(16a—-(16d if one substitutes the formal solution of Eq.
(16b) into Eq. (16a. Furthermore, in the limit of a large
jump ratev and total variancer, one recovers the limit of
the Bloch equations with pure dephasing rite,= a?l2v.

If k}< v, Egs.(16a—(16d) can be simplified significantly.

According to Egs. (169—(16d, the averages
R Rkt RNt decay  with  rates
2v,4v, ..., Nv>Kk! and, as a consequence, it is possible to

neglectDy in Eq. (2) and replace the matri® in Egs.
(16b—(16d by D+ Dy,. Moreover, wherk}<v, there are
two time scales in the problem. The vector'
=(pxz,A',pyx) evolves on a time scale- 7,=(2v) %,
while other elements oR' evolve on a time scalekp*l
>7.. Taking into account that the operatéracts as a pro-
jection operator onto the three-dimensional subspace, of
one finds that, f0|t<(k})*l, one can replace the complete
8x2N by 8x2N matrix equations(16a—(16d) by the 3

x 2N by 3x 2N matrix equations

N

R'=—i(8S,+2WS)R!~ iszZk RML (179

N
RKt=—j(5S,+2WS—2i v RIt—is,> RikIt
I#k

~iofSR, (17b)
RIIH= —j(5S,+2WS—4iv])RIkIN
N
-is, 2 Riklmit
m#Kk,|
—i ofszﬁ{'}t— i Ufszﬁ{k}t, 179

large enough to approximate well the total effect of many
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RIL .. N}t:_i(5sz+ ZW&—ZNivI)ﬁ{l ..... N}t calculate(i) MW-power-broadened FDMR line shapes and
(ii) coherent transients such as fluorescence-detected free in-
) S kLKL Nt duction decay and fluorescence-detected two-pulse echoes
_'Szzk AL (170 on single molecules. The theory is used to fit the available
experimental data on single Pc molecules in crystalline PT.
for the averages R!=(r!), RM'=(ulrY), Rk By considering both time- and frequency-domain measure-

:<ULU}'Ft>’ R N}t:<utl, ,,U}“}‘t% supposing that Mments, we can understand how triplet spin pure dephasing
the other components of vectors R, RIK!, mec_ha_nisms operate in both the time gnd fre_quency domains.
Rkt RIL...Nit 53re constant on this time scale. Due to Preliminary results have been published in Refs. 40-42

the conditiont< (k') 2, we also are able to omit the inho- along with additional descriptions of experiments in which
! transient nutatiof and the second-order correlation function

g@(7) of the fluorescence intensity have been meastiad
the Pc-PT system.

mogeneous  vector 70 with the components
(0,— (ky —k§)/4,0) on right-hand part of Eq(173. Equa-
tions (1789—(17d are especially useful in calculating the
transient FDMR response of a molecule to a pulsed MW
field (see Sec. Il B. Note that analogous theories of opti-
cally detected magnetic resonan¢®DMR) phenomena
have been given in which one considers in detail only two

. . The FDMR line shape is a measure of the average fluo-
resonant triplet substates with the other states of the mOIFescence tensity as a function of the freque the cw
ecule serving as population sources or sidee, e.g., Ref. y quencyt

37). Our version, Eqs(178—(17d), differs from previous MW field driving the triplet manifold. As was discussed pre-

theories in that we use a stochastic approach and take iniously this line shape is thetconvolution of the steady-state
) < ) F S
account a nonvanishing correlation time for the triplet-homogeneous line shapgpy;(w)) with the distribution

A. Power-broadened FDMR line shapes

substate frequency fluctuations. P(ZXZ) of X-Z transition frequencies: 15Y(5)
~[dAP(A)(pSi(A - 8)).
[l. APPLICATIONS It is instructive first to calculate the homogeneous line

The general formalism developed in Sec. Il can be used 1ghape(pi;(w)) when the system is described by the conven-
! ! . o
model both cw and transient experiments. In this paper wdonal BE's. In this case thexactsteady-state solutiopy; is

P
pii(8)= -~ : (18
1+pi9" = 1KG— 1K) (Ky/ kg — K3/K§)
P11 1+szUmw(1/kf)<+1/k§)( 0 0) (kx/kg —kz/kg
where
1 AVAT/A)
P(lci)Stzi (19

T2+ 4V2(TTA) (14 kx/2ka + ki 2k + k3/2k5)

is the steady-state population of state 1 when an exactly resg3(5) decreases from its vall,tél‘i)st at large MW field de-

nant optical field drives the singlet transition and there is Nqunings 6 to a minimum p3}(6=0) at §=0. The relative

MW field driving the triplet transitions, decrease at line center compared with the line wings in the

case of strong MW fields, \&> v, is

ByxUmw= 2W? ¥I( 8%+ 72) (20
_r . (0)st__ sty o__ (0)st

is the Einstein coefficient for MW-field-induced transitions, E=lpr™—pif(0=0)llp1s

['=A/2+K g is the optical 1-0 transition linewidth witiA 1 (1KE+1/K3)

=A+k§+k¥+ k3 andK o a pure dephasing contributigre- =1t o (L= I (KR KE— kD) | (21

call that for the Pe-PT systemK,=0,>° which is also the P11 0 07ATxTRo - RzTRo

case for most other impurity molecules anystalline host ~ The quantityE can be thought of as a measure of the effec-

matrice$, and y= (kj + k§)/2+ K is the total linewidth of tiveness of the FDMR technique. In the case of the-PT

the X-Z transition with a pure dephasing contributiéty,  pair, using ISC rates from Table 1 of Ref. 15, one firfitls

resulting from §-correlated(in the Bloch casefrequency ~0.27.

fluctuationsU'. It is worthwhile pointing out that, according to Eq4.8)

Equations(18)—(20) describe a homogeneous FDMR line and (21), the FDMR effect is absent i) kx/ky=k3/k§ or
shapep3i(6) that is symmetric abouf=0. The population (i) kézké. In other words, if the populating and depopulat-
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ing rates of the two triplet substates of the molecule are Zss Z35
proportional to each other or if their lifetimes are equal, the . £ 0 E
application of a MW field that couples these two substates L= sz dx e V"= ! 2 (25)
does not influence the population of state 1. kf/k 0 Zs3 0 0 O
=ki/k5, then the populationsp{QS'=(kk/kX)p{?s and F, 0 F*
p$)5'=(ki/k5) p{9°" are equal in the absence of an applied
MW field, and this relationship is unchanged after the Mw The factors
field is switched on. Ifki=k5, the MW field results in a o o ) )
specific redistribution of the populations in the five-level sys- FoT0S er S ﬁ) 4v (268
tem, but leaves the state 1 population unchanged. 172y 2 2 2v) 4,2+ 02|’
The half widthh (half width at half height of the dipof
the line shape3i(4), calculated from Eq(18), is given by o2 AW
— (26b)
1 kl kl 4v 4 2+ Qz
h?=y+2W2y| =+ S +p'0% S — < || <~ =/ |- . : .
k2 KX K2 k¥ kS K are integrals over time of the product of the functidhsn

Egs. (129 and (12b) with the correlation functioqU'U®)

] ] ) = g%exp(—2ut) of dephasing fluctuationsl®. Recall thats
In weak MW fields, 2V< v, the line shap€18) is Lorentz- =2W/Q, c=6/Q, andQ=(5+4W2)Y2

iésltn with half Width y. In this limit, the total line shape  After some algebra one can calculate for this case the
15(8)~ [dAP(A)pii(A—5) follows approximately the gsteady-state populationeSt(8))=RS(5) in explicit form
shape of theX-Z transition frequency dlstr|but|0|ﬁ>(wxz) and find that it is again given by the express{@8) but with

evaluated agxzz d, the Einstein coefficienB,,u,,,, replaced by
1 kL kb , (kg +kg)/2+ (ReF;—Fp)
15t s (O)stl 1 _4 W2 (O)st _X__ 5 B..U.. = (27)
M)~ pn 4 K kX KX KZ PO e ||5+(kx+k )12+ F4|?—F3

This equation reduces to E@O) in the limit of 5-correlated
provided thaty is much less than the frequency width of this fluctuationg o, v— =, lim(o?/2v) = K] when the functions
distribution. In the opposite limit of strong MW fields, Eq. (268 and (26h) becomeF;— Ky andF,—0. On the con-
(22) gives a half widthh that grows linearly with the MW trary, if the correlation time-,=(2v) ~! is nonvanishing, the
Rabi frequency ®. If 2W exceeds the widtlHp of the  presence in Eq27) of the MW-field-dependent functiorts
distributionP(A) so that the MW field saturates all frequen- leads to differences between the homogeneous FDMR line
cies in the distribution, the line shap&(s) is identical to  shape(p3i(d)) evaluated using Eq27) with the BE line
the homogeneous line shape, H48). If ky>k5, kx/ky  shape evaluated using EQO). In particular, in strong MW
>KkL/kZ, which is the case for the RPT pairl® the power- fields, W>v, when both functions=; are approximately
broadened FDMR line width is given approximately by equal tos?c?/4v, one can obtain from Eq27) an equation

similar to Eqg.(20) but with the linewidthy determined now

Kk as y=(kg+kg)/2, i.e., consisting of only the triplet-state-
h~2w kz pY Stk

(24)  lifetime-limited part of the previous total linewidtly= (k3
+k3)/2+ Kyz. In turn, the FDMR line widtth can now be

It should be pointed out that due to the presence of the smaﬂa|CU|ated from Eq.(20) with the substitution y— (kg

rate kZ in the denominator of Eq24), dh/dW is large for ~ +kg)/2. Thus, whenWs» the contributions from triplet
the pc+pT system. resonance frequency fluctuations are canceled completely

As was discussed in the Introduction, the BE’s fail to giveand the MW-power-broadened FDMR line becomes much
a correct description of power broadening in systems witHarrower in comparison with the BE predictions. It is shown
slow frequency fluctuations. Therefore E¢E8) and(22) are  below that for the P&¢PT system this “field-narrowing
expected to be inconsistent with experimental data on Mweffect”’® is very pronouncedi/1 + 2szlkz~30
power-broadened FDMR line shapes for single guest mol- If the fluctuationsU! are modeled by ahl RT model, an
ecules in organic host matrices such as the-IP€ system. analytical expression for the homogeneous FDMR line shape
For this reason we extend the above BE-based calculatiorean no longer be obtained. Instead, one must turn to a nu-
of the FDMR line shape to include non-Markovian triplet merical solution of Eqs(16a—(16d). Below we calculate
spin dephasing. It is assumed thetk! , allowing us to use (p3i(8)) for a PctPT pair, using values fok ANV g
Eqg. (10 as the starting point of our calculations, with the given in Table 1 of Ref. 15. For the jump rate of the com-
kernelL'" "=FeP(" 7F approximated by Eq13). Further- ponent RT processed)i, we take the valuev/2w
more, we factor the correlation functiofU'U’r”) =30 kHz, which is the typical average proton spin flip-flop
~(U'U7)R?", which is valid for a single, symmetric RT pro- rate in Pc-PT at liquid helium temperaturé:”® We assume
cess. The steady-state solution of the equations obtained afta¥so that the fluctuationd! are slow,c?/4v°=1, and that the
these simplifications i®RS'= — (D — L) ro, where the ma- processes); have same variancesg,= a/\N. Figures 2a)—
trix D is determined by Eq2) and 2(c) show the results of calculations made using the value

X
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+1) of the X-Z transition which are well separated in this

case. For higheN, in accordance with the central limit theo-
rem(see, e.g., Ref. §5the line shape approaches the Gauss-
ian limit ~p{Ps{1—Cgexp(—8%25?)] with half width h
= ¢+/2 In2~¢. Note that with the parameter values peculiar
to the Pe-PT system four-component processés=4) in
the model provide a good approximation for the above
Gaussian line shape. Further increasing the nuribeir the
component RT processeqat fixed variance o/27

s . . . . , . =85 kHz) does not change essentially the homogeneous
-300 200 -100 O 100 200 300 line shape calculated withl=4. For the slow modulation

MICROWAVE FIELD DETUNING &/2r (kHz) case under consideration, the line shape depends only
slightly on the jump frequency. Figure Zb) demonstrates
that these spectral peaks practically disappear at moderate
MW field power, 22<2W=¢. Note also in Fig. &) that
the linewidth is approximately twice that of the low-field
result at this moderate MW field intensity. A further increase
in MW field Rabi frequency (2<o<2W) results in the
total disappearance of the structufBig. 2(c)], and for
o<<2W the FDMR linewidthh is given by Eq(22) at anyN,
indicating the complete suppression of induced dephasing
associated wittN RT processes by the MW field. For com-

. . . parison purposes we also show in Fig$a)22(c) the line
-500 0 500 shapes calculated in the motional narrowing lirhit,»
MICROWAVE FIELD DETUNING 5/2x (kHz) — o lim(a?/2v)=Ky7] on the basis of the BE18), setting
Kxz2m=100 kHz equal to the low-power Gaussian-limit
' ' © ' ' linewidth h=0/2In2. One can conclude from the figures
that homogeneous power-broadened FDMR line shapes pre-
dicted by BE's are much broader than the corresponding
slow-modulation-induced line shapes.

Now we calculate, in terms of th&l RT model, the
power-broadened inhomogeneous FDMR line shEyye5)
~[dAP(A){p3i(A— 6)). For theX-Z transition of Pc in PT
the inhomogeneous FDMR line has been obseirEdt low
microwave power to be strongly asymmetric with a sharp

low-frequency edge, having half width at half maximum
2000 2000 0 000 2000 (HWHM) ~200 kHz, and a slowly decreasing high-

MICROWAVE FIELD DETUNING 3/2x (MHz) frequency tall extending for-10 MHz. The full width (at

half maximum level of the distribution is approximately 5

MHz. In principle, the distributioP(wy,) can be calculated
from first principles following the method described in Ref.
54 and using the hfi-tensor parameters for the-PT pair
determined in Ref. 81. Such calculations, performed
previously® show that, owing to the large number of pro-
tons (24 in Pc molecules, this distribution is dense and in
reasonable agreement with the low-power experimental

. ) _ FDMR line shape, Eq(23). For these reasons and to sim-
o/2m=85 kHz which have been determined by a best fit ofyjify the calculations, we will use in our further analysis a

the experimental data for Pc molecules in crystalline PT. 'Tsimple analytical approximation for the distribution
should be noted that, owing to the conditib‘p@v whichis  p(A): P(A)=0 for A<0 and P(A)=(1/Ag)exp(=Al
well satisfied for Pe-PT, all results are practically indistin- A ) for A=0 with Ay/2m=4.7 MHz. Calculations of the
guishable from those obtained using the simplified version Ofow—power inhomogeneous line shaf¥ 8) using the above
Egs. (16b—(16d) with the matrixD replaced byDy+Dw.  model distribution agree well with the experimental data,
Additionally, for N=1 the exact calculations coincide with Fig. 3@). Furthermore, from these calculations we conclude
those predicted by Eq$18) and(27). that the half width of the sharp edge of the low-power line
The homogeneous line shapgsi(s)) is shown in Fig.  shape istwice the homogeneous linewidth, which can be
2(a) in the limit of weak MW fields, 2V<2v<o. For small  understood easily if one recalls the analogous result, well
values ofN, there are peak-shaped structures resulting fronknown in nonlinear spectroscopy, that the low-power limit of
individual MW field resonances with fluctuation-shifted fre- the half width of the spectral hole burned due to saturation in

guencies wg(ﬂzk]:wxz_,_ ENo ([NI=N1, - AN a broad inhomogeneous distribution is also equaivioe the

0.14 _

POPULATION < p®,, >

POPULATION < o™, >

BLOCH

POPULATION < p®,, >

FIG. 2. Homogeneous FDMR line shapgs'(w)) calculated
using N RT models withN=1,2,3,4 for v/27=30 kHz, o/2=
=85 kHz for different values of the MW Rabi frequencia)
2W/27r=6 kHz (case 2V<v<¢), (b) 2W/27=55 kHz (casev
<o<2W), and(c) 2W/27=200 kHz (casev<o<2W). Dotted
curves show the Bloch equatidiBE) predictions usingK /27
=100 kHz.
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FIG. 3. Inhomogeneous FDMR line shapel(w) calculated using the 1 RT model af2w=30 kHz, o/2m=85 kHz for different
values of the MW field Rabi frequencya 2W=0.09x1C° s !, (b) 2W=0.27x1¢° s !, (c) 2W=0.8x10° s !, (d) 2W=1.6
X1 s71, () 2W=5x10° s !, and(f) 2W=15x10° s ! in comparison with experimental data f-Z transitions of a single Pc
molecule in a PT crystal.

homogeneous linewidtlisee, e.g., Ref. )9 Therefore, we tal data, which give the MW field frequency dependence of
choose the value/27=85 kHz (=200/2y2In2 kHz) for  the average number of fluorescence photon counts plus any
the parametetr of our N RT model. The above model dis- stray light, have been modified by proper scaling and shifting
tribution P(A) has been used to calculate power-broadenedlong they axis to provide a best fit to the calculated line
inhomogeneous line shapes for increased values of the MWhaped $(5). One can see from the Figs(t3—3(f) that this
field Rabi frequencies \&. Figures 8b)—3(f) show the re- fitting procedure works well for all experimental power-
sults of these calculations in comparison with experimentabroadened line shapes. Note that even at very high MW field
data. The experimental values ofA2 which were rather power [Fig. 3f)], when the MW Rabi frequency\¥=15
large so that the models with different numbétsof RT x10° s~ 1is comparable with FWHMH p of the distribution
processesat fixed v and o) resulted practically in the same P(A) (Hp~27XxX5Xx10° s1), the line shapés{(s) has a
homogeneous line shapes, made it possible to restrict calcwidth that is power broadened by a factor-e# times only.
lations to the simplest 1 RT model only. Thus, the analyticalFinally, in Fig. 4 we show a summary of Figgap-3(f) with
expressiong18), (20), and (27) for the homogeneous line respect to the MW Rabi frequency dependence of the power-
shape are well suited for the P@T system. The experimen- broadened linewidtfFWHM). We also show in Fig. 4 the
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MW field pulses with the total time of the experiment,,
w0l BLOCH ] much larger than the duratiofis¢, Of a single MW pulse
L sequence. Each pulse sequence acting on the molecule can be
thought of as a single transient experiment. Some MW field
pulses in the sequence are designed to build up the coherence
T of resonant triplet spin substat¥sandZ or to modify it in a
o predetermined way. The fluctuations of the transitz
e / frequency due to host proton spin dynamics introduce shifts
*/*/* A ¢=[dxU* into the relative phase of these states. Coher-
o . . . . . ) . ence between the substates can be probed, within the FDMR
2 4 6 8 10 12 14 technique, by applying an additional/2 MW pulse as the
MW RABI FREQUENCY (MHz) final pulse in the sequence. The function of this final probe
MW pulse is to convert coherence into a population differ-
ence of substate$ andZ which is detected using the FDMR

FWHM (MHz)

[3%3
o
T

o

FIG. 4. The MW field Rabi frequency dependence of inhomo-
geneous FDMR linewidtitFWHM) of the line shapes shown in

Figs. 3a)—3(f) in comparison with experimental datasteriskg for technique. . . )
a single Pc molecule in PT crystal and with BE predictions with S Was discussed previously, a single molecule undergoes
Ky,/2m=100 kHz (dotted line. guantum jumps between its five states which are accompa-

nied by absorption or emission of optical photons in the

pronounced disagreements of BE-based calculatigrith singlet-singlet channel or by emission of phonons in ISC
Kxz2m=100 kHz) of the FDMR linewidths with the ex- transitions to and from triplet substates. Due to the long-time
perimental(asterisk values andN RT-model-based calcula- scale character of the FDMR technique, the observables in
tions. transient FDMR experiments represent averages over en-
sembles of single transient experiments. Therefore, from a

B. FDMR transients theoretical viewpoint, one can calculate first the transient re-

sponse of a molecule during a single FDMR experiment and

In the previous supsectlpn we have consujered th‘;t’hen average the results as necessary. First, it is necessary to
frequency-domain manifestations of slow fluctuations of a,

ol 0t lting f h lecul verage over the initial states of the molecule just before the
triplet spin frequency, resulting from host molecule proton, o of the leading MW pulse in a sequence. In fact, the
spin dynamics, in the homogeneous FDMR line shape. It wa

h hat di b . fthe h v b W pulse can strike a molecule when it is in any one of its
shown that direct observation of the homogeneously broacg, o siateg(singlet statess,,S; or triplet substateX, Y, Z),
ened FDMR line shape of singlechromophore molecule is

o ) . . -~ 2 with the relative probability to be in these states given by
difficult to ac_hleve, owing to mhomogeneous broadening M Giagonal elements of the molecule’s density matrix. Evi-
po_sed by dlffe_rent configurations .Of Pc molecule p_rOtondentIy, MW field pulses influence the molecule only if it is in
spins, all of W.h'Ch are samplgd during the long duration (?fone of the MW-field-coupled substat&sor Z. Experimen-
FDMR experiment. For this reason frequency-domain,, ‘e repetitive sequences of MW field pulses are sepa-
FDMR experiments can proylde ?nly an estimate of the_ Vallyated by a delay timé& 4., which is chosen to be sufficiently
anceo of frequency fluctuations/", obtam_ed by measuring large to ensure that, by the end of this time, the density
the width of the sharp edge of the experimental asymmetriGy 4irix for a molecule is equal to the steady-state density

FDMR line. Attempts to determine the homogeneous IIne'matrix. This implies that different single transient experi-

W'dth by increasing thg MW field power and tq extract from ments can be thought of as independent. The molecular state
the linewidth information concerning mechanisms underly-:

ing triplet spin pure dephasing fail, as a result of the suppregus't before each specific single transient experiment is de-
’ cAri _ H )st _
sion of these mechanisms by a strong MW field. scribed by the steady-state density mamsf of a mol

To overcome the above difficulties of measuring the ho_ecule subjected to a cw optical field and to the ISC transi-

mogeneous linewidth of triplet-state chromophore moleculegﬁgzgvétr?ifg Mi\:]vtrf('gf:é;egor;%c?:aeti;nnué’} i?]vseirna%:: t?\;]t the
in organic host crystals it has been proposed in Ref. 17 to u X ¢ y ) 9 .
time-domain FDMR techniques which have been develope ient experiments. _Theste shifts are different due to different
in conventional ODMR spectroscopy to study the coherenc istories of fluctuation®)' during smgle_experlment_s. When
decay processes of ensembles of triplet s(seg, e.g., Refs. averaged over ensemble; of many smgle_experlments per-
36-39, 80, and 82n single-molecule spectroscopy. The ob- formed during total transient experiment tinfg,,;, these
servati;)ns’ of the FDMR Hahn ecHé® (FDMR HE) for phase shifts manifest themselves as a pure dephasing of the
single Pc molecules in PT crystal have demonstrated tha{{'plet spin_transitionX-Z. Furthermore, duringTe., the

FDMR spectroscopy can provide information concerning th OIeCUIE is_subjected to many Cyd&’.ﬁsl_;.' T
rates of triplet spin pure dephasing in mixed molecular crys- S0: €hanging many times its proton spin configuration so

tals and their variations among different chromophore mothat all possible triplet spin transition frequencies are

ecules. Below we extend the BE-based analysis of théampled according to the probability distributi®t{wy).
FDMR HE (Ref. 17 to describe the triplet spin coherence Thu_s, a final average over the inhomogeneous distribution
decay due to slow fluctuatiorld! and to study their mani- P(wyz) must be performed. Note, however, that the above-
festations in different transient FDMR phenomena. mentioned averaging over initial molecular states is appli-
During transient FDMR experiments on single moleculescable to describe only the simplest version of transient
the molecule is repeatedly subjected to a specific sequence BOMR experiments when there is no synchronization of
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MW pulses with the molecular state. More elaborate versionin Eq. (8). In this limit, the effects ofr/2 and7 MW pulses
of experiments can involve so-called “triggering” of MW on the triplet subspace is described by the matrices
pulses® by fluorescence photons, that is, synchronization of ] ]

the MW field switching with the appearancer disappear- Gr=exp—i17SJ/2},G,=exp[—imS. (28)
ance of fluorescence photon bunches in the singlet channedetween MW pulses the triplet spin is influenced by fluctua-
which are correlated with molecular jumps out of or into thetions Ut only and its free evolution frory tot” is described,
triplet substates. Calculations of average molecular tran- iy the Schidinger representation, by the matrix

sient responses for such “triggered” transient FDMR experi-

ments require one to use an initial density maisfR)"'9 Gu=exp{—iS,[wyz(t' —t")+Apt ']}, (29
that correlates with the timing of the trigger pulse. Addition- o

ally, as was pointed out previously in the case of transienwhere A= [{,dxU* is the change in relative phase of
FDMR experiments on samples with deuterafed substi- statesX and Z during the time intervat’ —t"”. Using Egs.
tuted molecules, a modified inhomogeneous distribution(28) and (29) one finds tha{ ATsed) at the endlgeq of MW

P(wyx,) must be used. In particular, the deuterated Pc/PPUlSe sequencds$) and (i) is given by

crystal is not expected to exhibit a normal echo signal since () FDMR FID (Tseq= 272+ 74~ 7q):

there is no inhomogeneous distribution of frequencies Teo (O)st ) _

oz (At =—A"SRelexp—idry) V1 (309
Now we are in a position to proceed to a formulation ofa .. _

stochastic theory of coherent transient FDMR phenomena on ("):DN:LR twg—pulse Hahn echoTheq= 2772 7ot Tar

single molecules. Hereafter we restrict ourselves with dis- 42~ 7dl Tg2):

cussing (i) the fluorescence-detected free induction decay Tsea A (0)st . _ a1 Td2

(FDMR FID) after aw/2 MW pulse, corresponding to the (A EY~AT Refexd —i6(1q1— 7a2) 1¥ (£},

sequencer/2-t4-/2, and(ii) the fluorescence-detected two-

pulse Hahn echdFDMR HE), corresponding to the se- where

quencemn/2-74,-m-14-wl/2. Both of these transient phenom-

ena are sensitive to pure dephasing mechanisms and Pt = exp —i fthUx

therefore they can be used to study them. The term#2* FID 0 ’

and7 MW pulses” mean, as usual, that the MW pulses have
the Rabi frequencies\¥ . ,,,2W,. and durations-,,, 7, sat- t ot (t o [ttt
Wigi=(exp —i [ dxU'+i
0 t

(30b

isfying the relations W ,7.»=m/2, 2W_7,.=. Since
the typical duration of a single transient experiment {fip-
let spin coherence decay tipnis short in comparison with are the well-known characteristic functionals describing the

the lifetimes &X®)~! of triplet sublevelsX and z, it is ~ Fl and HE decays when one uses a stochastic description of

possible first to simplify matters by supposing that the Mwdephasing! Jn the BE limit bOtt‘t of them are simple expo-
pulse sequence influences only &eZ transition with other ~ nentials: W, =exp(—Kxz), Yie=exp(-2Kxz). In the
states of the five-level molecule retaining their steady-stat@eneral case their decays are nonexponential. Therefore, the
values, described by the density matpﬁ?)s". With this sim-  dependence of these functionals on delay time provides a
plification the effect of the MW pulse sequence on g  Measure of pure dephasing processes which can be moni-
transition can be calculated using the reduced two-level sydored using the FDMR technique as changes in fluorescence
tem description. As was discussed previously the two-levelntensity after termination of the MW pulse sequence.
system consisting of triplet sublevetsandZ is described on To calculate these changes one needs to construct first the
short-time scalda«(ki-)*l by the three-dimensional vecttr eight-dimensional vectdRsea describing the complete five-

] : ; .
which obeys Eq(8). The initial condition for this equation is Ievel. system JLiSTt after the MW pulsg sequence. This vector is
TI=TOt where the steady-state solutiof’™! has compo- obtalne(c)i ftromR seq by adding the five steady-state compo-
fents (O’A(O)S‘ 0). The population differenca @S- (o0t nentsp!{”>t which have been supposed to be unchanged dur-

i
(0)st ing the time T arrive at the complete

. . . to
—p§7*)I2 is approximately equal to 0.2129 in the case of - RTceq Sgrseq:(p(l%)st, pOst, p@st - O)st
Pc+PT. The transient stochastic responmdesa of a single (0)st Teo ATse ' Teed) Th torRTse
triplet spin to a single MW pulse sequence of total duration’YY _<’?>,<Zq>’ ( : 9. (pzx9). The vectorRsea SEerves
Teeq Calculated using Eq8), must be averaged over fluc- as the initial condition to calculate subsequent changes in the

X C CRT ST . _average fluorescence intensity, obtained from a solution of
tuation historiedU" to obtainR'sea=(r 'sedy. It is the depen Eq. (1) with no MW field. At a time @ following the MW

T DT
dence of the componeK se9) of the vectorR'seaon Tseq  field sequence, the molecular density matrix is equal to
that contains information about the triplet spin dephasing

process that can be extracted using the FDMR technique. We  RTsed" = exp{(D,+ D) 6}[ R"sea— R(OSt] + R(O)SY
proceed to calculatéA Tsed) for the above two FDMR tran- (32
sients.

Supposing ther/2 and7= MW pulses to be very short and ©
strong so that their Rabi frequencie®V2,, and 2, are  finds
much larger than all detuningsin the distributionP () and
the variancer of fluctuationsU!, one can neglecd andU*

deuX) > 31)

1

d and, for the component of intereﬁgsqur 9=(p1§eq+ 0>, one

(b3 ) =O(O)((ATse =A@+ pl9%, (33)
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FIG. 5. Functionsd (t) ={exd Dy+Dg]t}»7, EQ. (34), curve 1,
and @ 'obs= fg‘JbSdt@(t)/tobs, curve 2, calculated for parameter val-
ues typical of the PEPT system.

where® (6) is the 2-7 element of the matrix exponential:

0(0)={exd (Dy+Dy) 6]} 7. (34)

The function ®(6) calculated for the PEPT system is
shown in Fig. 5 as curve 1. Relative changkk’ in the
time-dependent average fluorescence inter{$ity now can
be defined as

Al 9:(| (0)st__ (l 0>)/| (0)st
=1=(py*" "Mpid™
= 0(0)(AOS'—(ATsed))/p*", (35

which, taking account Eq9308 and (30b), result in the
following expressions:

Al o (79)=0(8)(AOSYp %Y

x{1+Reexp—id7) W 1}, (363

Alfe(7g1742) = O () (AOSY (DY

X (1_ Re{exp[ - | 5( Td1— sz)]q,;dé’sz})
(36b
for the FDMR FID and FDMR HE, respectively.

To be able to compare the calculated relative changes in
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ing (it should be noted, however, that FDMR FID experi-
ments on deuterated samples could, in principle, provide a
method to study homogeneous dephasing alone due to a re-
duction of inhomogeneous broadening in this ¢gase con-
trast, it follows from Eq.(36b) that the FDMR HE provides
the possibility to measure the true homogeneous pure
dephasing decay rate by choosing the HE MW pulse se-
guence with equal delay timeg;;=74o= 74 to cancel the
influence of inhomogeneous broadening. The decay is de-
scribed by thery dependence of the functional/&™.
Within the N RT model for fluctuationdJ! this functional

can be calculated exactly in explicit fortn:

2
Ok
2

Mk

sin(2ug7q)

N
14

P& Td=exp(— 2N +—
HE o VTd)kljl [ i

|

whereu, = \/akz— v2. For FID, the corresponding expression
is

(373

v
— —COY 2 Tq)
Mk ki

N
14
W iip=exp(— NVTd)kll {COS(Mde)'*‘ ESin(Mde) :
(37b

From Eq.(36b) with 74, = 74,= 74 it follows that the depen-
dence of the functiona¥# /& on delay timer,y can be de-
duced from the dependence of the experimentally monitored
FDMR responsél/,(74) on 74 at some fixed value of time

6, e.g., at the maximum of the functiod(6),% which for

the PctPT system occurs all,,,~ 60 ws with @ (6,40
=0.1244. This information can be obtained also from the
number of fluorescence counts during some observation time
tops after a MW pulse sequence, i.e., from the integral of the
response over 6: AP 7q)= [ PdOAI {(74) tops. L

The expression foA_IEgS(rd) is the same as Ed36h) but
with  the function ©(6) replaced by @'obs

= E)Obsd9®(0)/tobs. Curve 2 in Fig. 5 shows the function
O'obs for the Pc+PT system. At a typical experimental value
toos=1 ms for the Pe¢PT systeni’ one gets@tobs=1Ms
=0.0765 andd'obs= 1 M A (O p (08 = 1175, At small de-

fluorescence intensity after FID and HE sequences with ex® tme 7,—0 when the HE MW pulse sequence
perimental observations one needs additionally to integrat@/2-7a-7-7¢-7/2 approximates a # pulse, the HE signal

Egs.(36a and(36b) over § with the inhomogeneous distri-
bution P(5). Assuming as previously the distributid®(5)
=(1/Ag)exp(—d/Ag) (6=0) with the widthA, one can show

(36b) takes its minimal vaIueAIrObS(rd—>0)—>O. Figure 6
HE

shows the relative HE signa+A|H[° 2X(7q) (curve ) calcu-
lated with the exact equatior{$6a—(160) for a wide range

easily that the integration results in the replacement of they delay timesry up to 10 us using the 1 RT model with

oscillating exponentials exp(idry) and exp—id(7qy—74)]
by the Lorentzians 1/(¥73A2) and 1[1+(7q;
— 742)2AZ], respectively. In the case of E(B63 the decay

vi2m=30 kHz, o/2m=85 kHz, andty,,s=1 ms and for
/2 MW pulses having pulse duration,,=30 ps, such
thatr_ 5 is much greater than the widtky, of the distribution

inhomogeneous distribution width72\, and the “effec-

which is the result of an analogous exact calculation with no

tive” homogeneous pure dephasing rate, i.e., the charactegmps (=0) and curve 3 obtained from analytical calcula-

istic decay rate of the functionalr '@

Fip - Typically the decay

tions of the FDMR HE signal using Eq$36b and (373

due to the inhomogeneous distribution dominates that oWith appropriate parameter values for #48T. A much
pure dephasing. As a consequence, the FDMR FID phenonslower decay of curve 2 at times of the order of a few mi-
ena are practically insensitive to homogeneous pure dephasroseconds demonstrates unambiguously the role of pure
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FIG. 6. Time dependence of the FDMR Hahn echo signal FIG. 7. Dependence of the FDMR FID signA_rIIF"lbg(rd) on

“Als(g) on delay timery between excitingm/2 and 7 pulses,  delay timer, between excitingz/2 and prober/2 pulses, calcu-
calculated for the PEPT pair for short MW pulsest(;,=30 ps) |ated for the Pe-PT pair using the exact equatio(t6a—(16d) for
using the exact equationd6a—(16d for the 1 RT model with  the 1 RT model, curves 1 and 2, and analytical equati8fs and
ol2m=85 kHz, v/2m=30 kHz, curve 1, the exact equations (37 with ¢/27=85 kHz, v/2m=30 kHz, curve 3. Curve 1
(16a—(16d for the 1 RT model witho/2m=85 kHz, v=0, N0 shows the signal for short MW pulses, ;=30 ps, while curve 2
jump case, curve 2, and analytical equati¢88b) and (378 with  corresponds to the experimentaf2-pulse duration,;,=30 ns
o/2m=85 kHz, v/2m=30 kHz, curve 3. Fluorescence photon (Rref. 17. Fluorescence photon counting tirg=1 ms.
counting timet,,c=1 ms.

Rabi frequencies &/ ., and 2N . were comparable with the
dephasing for the system P®T. Note also the very close width A, of the distribution P(6)=(1/Ao)exp
behavior of curves 1 and 3 in this region. At timeg (= dAo) (2W,/2m=8.3 MHz for an experimentalw/2
=10 us the exact curve 1 shows a dip below analyticalPulse duration ofr.»,=30 ns). As a consequence, one can-
predictions which physically can be understood as originathot neglect the detuning in calculating the molecular re-
ing from the depletion of fluorescing state 1 due to the ISCSponse to ther/2 andw pulses. In this case E(8) must be
transitions 1-X. Recall that theX substate population by replaced by
this time is reducedcompared with its steady-state value _ )
with no MW field) as a result of the transfer of half its value ~ Gxz=€Xp{ —i 7[ S+ (c/s)S,]/2} = exp{ — i mQ S, /AW},
to the long-lived substatg. The subsequent growth of the (383
HE signal at larger times7(=200 us) is due to the ISC ] .
processeZ— 0. Finally the limiting large-time value of the Gr=exp —im[ S+ (c/s)S,]} =exp—i 7S, /2W}
signal (=—0.1175) corresponds to a reduction of the fluo- (38b

rescence intensity after the last2 pulse only; all effects (recall thatS,=cS,+sS,, s=2W/Q, c=4/Q), which can

due to the first and second MW pulses have ceased at SUd, cajculated explicitly and used to obtain the responses
times. e (308 and(30b) analytically. These expressions, however, are
The analogous FDMR FID  signal Al%S(7q)  rather awkward and we do not quote them here. Note only

:fBObSdaAlgm(Td)/tobs calculated for the PePT system that after numerical integration ovérwith distributionP( 6)

using the exact equatiori$6a9—(16d) with very strong MW  they predict the signala|l H[° £ 7g) andAl Ftofg(q-d) to be simi-

pulses (2V,,,>A,) is shown in Fig. 7 as curve 1. Dotted |ar in shapes to those shown in Figs. 6 and 7 as curves 3 but
curve 3 in the figure was obtained from analytical calcula-having slightly different values at small times. The exact
tions of the FDMR FID signaﬁ?ﬁg(rd) using Eqs(36g  calculations with Eqs(169—(16d) confirm these conclu-
and (37b) with exp(~idry) replaced by 1/(% 72A2). One 5|ons._F|tgure 8 shows the dependence of the FDMR HE sig-
can see that both signals drop rapidly on a time segle nal —Al%X7y) on delay timery calculated for the PEPT
~1072-10"! us determined by the inverse width, system using the experimental valitor the MW 7/2 pulse
=4.7 MHz of the distributionP(8) (1/2mAy~0.03 us).  duration, 7.»,=30 ns, (2V_.,<Ay) and a 1 RTmodel

The small-delay-time value of the signalsl ‘FoltS(Tdﬁo) with the same variance but different jump rates.. Note

_>2tobs(A(O)St/pgg_)St)zO_ZSS corresponds to thél-ms-  the limiting vaIue—mgs( 74— 0)=—0.032 of the HE sig-
integrated fluorescence reduction aftersa pulse, which is nal at 2V, ,=A, instead of zero in the case o2,
the limit of FID MW pulse sequence/2-74-7/2 astq—0.  >A,, Fig. 6. The analogous dependence for fixed jump rate
The long-delay-time value of the signals=(.1175) is 2 v but different variances is shown in Fig. 9. Note that the
times smaller and corresponds again to the situation wheescillating behavior of the signal for large’2v is an artifact
the molecule responds to the last pulse only. The growth of the simplest 1 RT model. The effect of the numbeof
and subsequent decrease of the exactly calculated signalcomponent RT processes in the model at fixed total variance
nearry~200 us results from intersystem crossings as in theo=o(/N is demonstrated in Fig. 10 where two cases are
case of the FDMR HE. shown corresponding to the ratiog2v~1 [Fig. 10a)] and

In experimenty’ on PctPT mixed crystals the MW field o/2v>1 [Fig. 1Qb)]. It follows from Fig. 10 that, when
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FIG. 8. FDMR Hahn echo signat Al H‘O 2 4) calculated for the (l'))
Pct+PT system using the experiment&lef. 17 #/2 pulse width, -0.02 + 1
T.2=30 ns, and usi;m a 1 RTmodel with fixed variancer/27 g
=85 kHz andv/2m=30 kHz, curve 1;v/27=15 kHz, curve 2; % -0.04
v[2m=50 kHz, curve 3;v=0, curve 4. Fluorescence photon o 006
counting timet,,<=1 ms. @
S 008
o/2v~1, a model with only very few RT processes is suffi- % 010
cient, while fora/2v>1, a larger numbeN of component o
processes is needed to provide convergent results. Finally, 012
curve 2 in Fig. 7 shows the FDMR FID signal calculated for s
Pc+PT and a MW pulse Rabi frequency\2,,,<A, corre- 0.1 ! 10
sponding to the pulse duration,,=30 ns used in the HE DELAY TIME <, (us)
experiment:

FIG. 10. Dependences of calculated FDMR Hahn echo signal
—mgs(rd) on numbemN of component processes in the mode):
N RT model calculations for PePT system withs/2 pulse width
with T#2=30 ns, v/27=30 kHz, 0/2wr=85 kHz, o,=0/\N with

Single-molecule spectroscopy combined 7/2 B (b el calculati
fluorescence-detected magnetic resonaféBMR) tech- ~N—1 (curve D, N=2 (curve 2, and(b) N RT model calculations
for Pc+PT system ata«/2 pulse width 7_,=30 ns, v/27

niques provides a sensitive method to study dynamical pro- = - . B
cesses in a low-temperature host matrix which result in pur(R_l ig l((c':iv e"gzzgggo: g'}'&&;g‘ﬂm with N=1 (curve 3,

dephasing of the single triplet electron spin of a guest chro-
mophore molecule in its triplet state. Typically this dynamicsyomena. Owing to the long-time scales of the experiments, a
is slow and the conventional Bloc_h equations fail to describeaensity matrix approach can be used since the time averaging
experimental observations of various FDMR phenomena. {or 3 single molecule is equivalent to an ensemble average
The stochastic theory of coherent FDMR phenomena degyer the stochastic parameters in the problem. A physically
veloped in this article provides the basis for an appropriatgjequate model oN independent random telegraph pro-
description of both frequency- and time-domain FDMR phe-cegses for dephasing fluctuatiod$ of the triplet spin fre-
quency allows one to construct an exact set of equations for
the density matrix averaged over fluctuation histori¢'s
-0.02 T The equations incorporate the non-Markovian effects of

IV. CONCLUSIONS

2 o004 MW-field-dependent dephasing. Using them one can calcu-

5 late cw-transient FDMR responses of a molecule to a MW

3 006 field in cases of both fast and slow fluctuatidn’

5 008 The general theory has been applied to calcu{Btehe

o FDMR line shape(ii) the FDMR free induction decay, and

g 010 (ii ) the FDMR Hahn echo for single pentacene molecules in

. 012 crystalline p-terphenyl. Three causes of broadening in the

FDMR line shape and decay in the FDMR FID and FDMR
o1 y ' 10 HE signals ardi) the spin resonance frequency distribution
DELAY TIME <, (45) owing to different pentacene proton spin configuratidiis,

the pure dephasing of triplet spin substates due to the spin
FIG. 9. FDMR Hahn echo signat A1} 7,) calculated for the ~ frequency qugtuationSJt p-terphenyl proton spin flip-flops,
Pc+PT system using the experiment&ef. 17 #/2 pulse width, and(iii) the triplet sublevel lifetimes. The FDMR line shape
7.,=30 ns, and usipa 1 RTmodel with fixed jump rates/27r is determined by the first mechanism at low MW intensity,
=30 kHz ando/27w=85 kHz, curve 1ig/27=30 kHz, curve 2; by the second mechanism at moderate MW field power due
ol2m=150 kHz, curve 3p/2m=250 kHz, curve 4. Fluorescence to additional saturation broadening, and by the third mecha-
photon counting timé,,c=1 ms. nism at high MW intensity owing to the suppression of pure
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dephasing by the MW field. The best fit calculations of probability densityp(&,t|£,t") for the procesg! to take the
FDMR line shapes with »/27=30 kHz and o/27  value¢ at timet provided that at previous tin it took the
=85 kHz are in excellent agreement with experimental obvalue ¢’ according to the “forward” equation
servations at low, medium, and high MW powers as distinctyp(¢,t|&',t")/at=Lp(&,t|&',t"). Note that the operatdr;
from the Bloch equations which predict much wider FDMR enters the “backward” equation dp(&,t|&’,t")/at’ =
line shapes. The FDMR FID rate is determined mainly by the— Lgp(f,tlg’,t’). Below we deal with cases whe®(t, &)
spin resonance frequency distribution while the FDMR HEqoes not depend explicitly on time[F(t, &) =F(£)] and

signal by the pure dephasing. In the case of slow fluctua(-g,“:(t £YW[ 1) at=(F(t 5‘)@[?]) with W[&] equal to

tions, o=, the FDMR HE decay is nonexponential. the right-hand side of the corresponding stochastic differen-

It should be noted that our calculations as applied to P‘fial equation satisfied byP[£] [ie., of Eq. (A1) with
+PT are approximate since no complete experimental StUdﬁ,[St]:Xt] When & is a symmet.rig RT pr(.)cess having
of different FDMR phenomena has ever been carried out Oﬁhmp rate;/ between two possible values o, the ’condi-

the samemolecule. On the contrary, different phenomenational probability densityp(£,t|¢',t") depends on the differ-

have been studied for different single molecules with varia- - , M
tions of relevant parameters from molecule to molecule. InenceTTt_t only, the operatoré., L, coincide anq act
principle, our theory makes it possible to calculate the mo2ccording toLF (&)= N :’[F(g)_':(_g)]' and the differ-
lecular response for a variety of FDMR phenomena for the¥ntiation formula fox §'x’) reads
same single molecule, allowing one to extract complemen- o _ 2
tary information on the molecule, the host, and the molecule-8(€X)/dt=(£X) —2u(Ex) = (A-2v)(¢X) + o B<z(2é)
host interaction.
wherel is the unit matrix and we use the obvious relation
ACKNOWLEDGMENTS (£Y)2= 0. Equations(A3) and (A1) provide a closed set of
equations for exact calculation of the aver#g® in the case
The investigations were supported by the National Sciof 3 symmetric RT procesd. The generalization to the case
ence Foundation under Grant No. PHY-9414515 and Volk'of a nonsymmetric RT process which performs jumps be-

swagenstiftung under Grant No. 1/72171. Partial supportween valuesg, and &, with probabilities ¢; ,,=» and

from the Belarus Foundation for Fundamental Research ung, .=, is straightforward and involves the use of more

der Grant No F96-117 is also acknowledged. complicated differentiation formulagRef. 65, p. 134, Eq.
(3.53)]

tyt — ty, t

In this appendix we present the details of a procedure that HE A=A+ L+ &)B- (it ) IHEXD
enables us to average the linear stochastic matrix equations H(véat né)l — £6,BHX) (Ad)
1) over histories of the multiplicative fluctuation$' mod- .
(el)ed by arN RT Markov jump Srocess. We deduce here Eqs.InStead of EG(A3).
(169—(16d and, as well, discuss the derivation of more con-
ventional equations for so-called “marginal” averages Nt . o .
which are cc?mpletely equivalent to Edﬂ.Ga?—(le). First,g = 2k= 1Yk Equ_atlon(Al) comade}st W|thtth(163). To de-
we recall some known results concerning the application Ofiqce the equations for .averaglé:jéi =<lthr}k\ive hote that
the differentiation formulas approatsee, e.g., Refs. 65 and this average can be written &1'=(UIRT ), where
73) to average a stochastic equation of the foxhe Ax! <'{'_'k%t(k) |rrt1plles an average over Fhe procedg o_nly and
+BEX!+xo, whereA andB are time-independent matrices, R~ =(")(,...k-1k+1,... ny IS still a stochastic vector
X, is a nonstochastic vector, ardlis a stochastic Markov- (with respect to théth processresulting from partial aver-

. " P
type process. Averaging of this equation over the progess 29ing of the vector™ over histories of all component pro-
realizations leads to the equation cesses excluding thieh process. Therefore, one can apply

the differentiation formuldA3) to Eq. (1) and get

APPENDIX

Now we construct the analogous closed set of equations
for Eq. (1) with N symmetric RT fluctuationsU*

d(x"y/dt=A{x") +B(&X") + o, (A1)

. ~ - dRIYdt=— 2R (ULRITHY, (A5)
where the new averagg'x'y now appears. Differentiation

formulas provide a way to calculate this last average. In gen-
eral, these are the equations =—2yRI4 ( U} DRITKH
d(F(t,6)W[&)/dt=o(F(t, )W)/ at N
+H{LEFE VLD (A2) —iFZ (Ui, . k-1ken... ntro >
(k)

for the product average&(t,&)W[£']), whereF(t,&) is
an arbitrary function of time and of the process!, W[
is a functional of the procesd, anda/at means differentia- =(D—2vl )R{k}t—iFUﬁRt_ing RN (A6)
tion overt at constant®. The (linean operatorL§+ acts on

the functionF(t,£") only and is the Hermitian conjugate of i.e., Eq.(16b. The procedure to deduce the next equation
the generating operatdr; of the process”, i.e., of the op- (160 is more time consuming but straightforward. One can
erator which governs the time evolution of the conditionalrepresent the averages in E(A5) in the form RikIt

N
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=(U(UIRT= oy and then, considering the averagescomponent processesSince the component RT processes
<U}R{*kﬁl}t>(|) as functionalsb,[UL] of the process)| sat-  are assumed to be independent, the conditional probability
isfying the differentiation formulas densityp(\1, - .- AnotINT, L. AG,tY) to find the process

Ut in the stateU(, ..., at timet provided that at time

P |[U}]=—2v® [ U]+ (URIKNY ) t'<t it was in the stateU,,  ,,; can be factorized,
N P(N1, - - AGEND A =T (NGt NG L), as a
=(D—2v)®|[UL]—iF X (UL® UL m) product of component RT conditional probability densities
m#k

PN tINg,t"). Thus, the “forward” equation for
—iF(ULUIRITIY | —iF o2RI7KIY P(A1, - AnotINL, oo At is of the form

one can substitute this equation into the differentiation for- dp(Aq, ... AnGEAL, L ALt dt
mulas for the averagéU @[ U, ])
=Ly, oagPOv NG N

:_va()\l, P ,)\N,t|)\i, P ,)\,,\],t,)

dR& MY dt=d(U}d [U}]) o /dt

= —20(UL@ [U}]) gy + (U@ [UiD o

N +VE pk(_)\kit|)\l21t,)1_[ pl()\lltp\l, 't,)!
=(D—4v)RKI—jF > Rikl.mit “ 7K
m#k,| (Ag)
: 2pik H 2pfl
—iF ofRI'—iF ogRIM, (A7) whereL, .., is the generating operator defined by the

where Rk M= (UL UL @ [UL]) gom=(ULUIULIY. Analo-  second row of Eq(A9). Now we can write the equations for
gously, using the differentiation formuléA3) repeatedly, “end marginal” average®R[ -~ It gs

one can construct the other equatid@6c—(16d. The ex-

plicit form of Eqs. (168—(16d for the model of 2 RT pro- AR Mldt

cesses, written in block-matrix form, is

=(D—iFU. . v Ly )R ANy g N
D —iF  —iF 0 N L
=(D—i _ [Ngsones An]t
t ~iFe? D-2s1 0 -iF | (D=iFUp,, oag —Np) RN
dRY/dt= N . R
—iF o3 0 D—2vl —IF +Vz ROV M1kt Mt /2N, (A10)
0 —iFo3 —iFo; D-—4ul k
+Ry, (A8)  The completely averaged vect® is obtained by summa-
(Lot Bt p2t plat tion of all “end marginally” averaged vectorsR'
where  Ri=R, R, R, R“7, and Ry =3sRMi Mt To compare with Eq(A4), let us write
=ro,.218.218:218- explicitly Eq. (A10) for the case ba 2 RT process. In block

For Markov jump fluctuations, there exists another, more. wix form for the vector Rt with components R!

conventional and completely equivalent, methisde, e.g., Rl -1t QI+~ RIZ ARt the |atter are

Refs. 24,32,34,74,75,85,65,76,77, and 84 for revietes
construct arexactclosed set of equations for partially aver-

aged quantitieR™1 - M so-called “end marginal” av- D__ vl vl 0
erages, which are the partial averages of the vectaver — vl D,_ 0 vl S
istori i dRY/dt= R*+ Ry,
only those histories of all component procesgiswhich " o D,
end at timet with some specific valud&J,=\o, where 0 | . b
Me=sgnU,). In fact, one can consider thd RT process v v e+ (ALD

Ut= E’Q':lU}( as a Markov jump process with possible values
U, .. o= Zkhkok corresponding to different configura- \yhere D)\l)\zzD_iF()\lo-l+)\20-2)_2V| and Ry

tions of N-component RT processes, taking at the montent —y /4 r /4 r /4, ro/4. It follows from the definitiong2)—(5)

the valuedJ, = Ao with A=+ depending on whether the and(6) of matricesD andF that the matrices in Eq$A11)

kth RT process is in the statd,= +oy or in the stateUy  are just the matrixD with MW detuning 8 replaced bys
=—oy. The total proces&)' jumps between these values +Up,, ... a - Z€r0s on the secondary diagonals of the ma-
with rate v. For example, stat®p,, ., €an jump 0 i\ in Eq (A11) result from the absence of simultaneous
another possible statd(,;, .../ in which only one\,  jumps of both component processe$ and US. One can
from the combination\;, ... \y is changed in signwe  show straightforwardly that Eq$A8) and Eqs(A11) result
neglect the possibility for simultaneous jumps of few-in the same solutions both in steady-state and transient cases.

.....
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