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Photo-induced electron transfer from a surface attached dye molecule to the band levels of a
semiconductor is modeled via an electronic—vibronic quasicontinuum. The description enables one
to obtain a fairly accurate expression for the decay of the excited molecular state, including initial
vibronic coherences. The model accounts(®rthe effect of a finite band widthp) variations in
reorganization energy and electronic coupli@,various energetic positions for the injecting level,

(d) different initial vibrational wave packets in the excited state, égdwo vibrational modes
participating in the electron transfer process. Most cases are studied numerically and can be
reasonably well understood from the obtained decay expressiorR00@ American Institute of
Physics. [DOI: 10.1063/1.1386433

I. INTRODUCTION donor—acceptor pairs in a solvent environmént.
Several theoretical studies have emerged in the last de-

Photo-induced heterogeneous electron tran&@) is a  cade to address issues related to electron transfer occurring
fundamental process in fields of practical importance such &g, the presence of molecular quantum bé4t®in donor—
AgBr-photography and dye sensitized solar cefIET from  acceptor complexes. In contrast, the available theoretical de-
an excited molecular donor state into a continuum of emptyscriptions of photo-induced interfacial ET have all assumed
electronic states also occurs in more complicated surface resectron injection to be slower than the intramolecular redis-
actions such as photodesorptibfihe simplest experimental tribution of excess vibrational energy that is generated via
method for studying photo-induced ET is the measuremeng,e absorption of a photon in the chromophbté! Re-
of a stationary photocurrefif Ever since the advent of fem- cently, theory has been advanced for obtaining pump—probe
tosecond laser systems and high surface area electrodes é?énals of the donor state, using a density matrix approach
semiconductors like TiQor ZrO,,* a growing number of (3 theory, wherein the electron is injected into a con-
experimental groups have started utilizing optical femtosectinyum of band state® In this first theoretical treatment of
ond pump—probe techniques for time resolved studies Ofjjirafast heterogeneous ET which incorporates vibrational
photo-induced heterogeneous ET reacti%ﬂ%. . coherences in the transfer process, the issue of reorganization

Probe absorption can be tuned to studythe time de- 44 its influence on electron transfer had not been addressed
pendent decay of the excited statend (ii) the rise of the  gjnce they were ignored under the assumption of a wide band
formation of the ionized product staté:'* For a number of  |imit 22 \When the energetic distance of the injecting elec-

different chromophores as well as anchor-cum spacer grouRgynic level from the lower band edge is much larger than the
that have been investigated, a host of electron injection t'mel'%organization energy, the condition of wide band limit is

ranging from a few tens to zseveral hundereds of femtoseGy,,gny fulfilled. A recent attempt to estimate the injection

onds have been measuftd? Recent experiments carried (e of the electron transfer from an excited electronic state
out in the experimental group of Willig and co-workers with ¢ dye molecule to a semiconducting surface also com-
20 fs laser pulses have shown oscillatory behavior in th“bletely ignores the effects of reorganization

absorption of thg 'pn'?ed chromqphd?e.‘!’he V|prat|onal This article focuses on how the reorganization energy
wave packet that is initially formed in the first excited singlet ;4 the energetic position of the injecting level influence via

state of the chromophore perylene, thus persists during thge finjteness of the conduction band the decay of a vibronic
course of ET. The observed vibrational wave packet is COMzoharence that is initially prepared by an ultrashort laser

posed of well-known normal modes of the chromophore, e in the excited state of the molecule. The charge transfer

perylene having energies 44 and 52 meV. These experimentysiem of the surface—molecule complex modeled uniquely
show that electron injection in this system occurs prior to full ;5 5 finite electronic—vibronic quasicontinud@C) will be

vibrational relaxation and dephasing. Similar results haveexplained in the following section. The dynamics of the in-
been reported earlier, for the case of ET reactions invoIving}eCﬁOn process from the excited state to the electronic—

vibronic QC is studied using a time-dependent Sdhrger
dElectronic mail: ramakrishna@hmi.de equation approach. In Sec. lll, results obtained earlier on the
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injection into a pure electronic QC are recapitulated since

this well studied limiting casé&'~?®provides the right context E
to investigate the time behavior of its extension, namely the
electronic—vibronic QC. Thereafter in Sec. 1V, the dynamics

of the electronic—vibronic QC are studied and its properties

are contrasted with the limiting case of a pure electronic QC.

An approximate analytical form for the decay of vibronic
coherences is obtained for the finite electronic—vibronic QC.

In the sections following this expression acts as a pivotal U
analytical tool to clarify the results of the numerical calcula-
tions. For instance, it enables one to understand the effects of
varying parameters and experimental conditions while de-
scribing the decay of the excited state.

©

II. HAMILTONIAN AND BASIC EQUATIONS OF
MOTION

In order to describe the photoinduced injection process it
suffices to characterize the molecule by two electronic states
namely the ground and an excited state. A laser excitation
leads to a transfer of population from the ground to the ex- Q
cited state. Assuming the excitation to be impulsive i.e., a ] ]
delta pulse, one can ignore the ground state from all furthetI'EIG. 1. Scheme of PES for the excned_molecular level W!th RESoupled

. i ... 1o the continuum of PE#®, corresponding to the conduction band states of
consideration of the electron transfer problem. The initial semiconductorThe gray shading represents the continuum of PES where
state is thus the excited molecular state with a specific popuenly a selected few PES have been explicitly depigted.
lation coherently prepareda vibrational wave packgt
among its vibronic levels. The electron is transferred to the
QC of uniformly spaced electronic states representing the
conduction band levels of the semiconductor and to eacrb
electronic level in this QC one assigns a corresponding set 6[

vibronic levels to represent the vibrational state of the prod-

Accordingly a reorganization energy for the formation of
e molecular cation can be defined

— 2
uct namely, that of the ionized molecule. Thus the final state )\_2;4 hod(Ge: i)™ ©)
consists of an electronic—vibronic quasicontinugrh Fig.
1). For the following it is useful to introduce theigenvalues
The Hamiltonian of the problem can be cast as andeigenenergiesf H, . The eigenenergiegre written as
heg,=he,+hw,, (4)

where the first term reads

Hzazzek Ha(Q)|‘Pa><‘Pa|+Ek (Vke(Q)|‘Pk><‘Pe|+h.C.).
| (1) he,=U0+ %2§ fiwg. 5

The electronic states considered herein, are namely the ex-is given by the minimum of the respective PES plus the
cited statd ¢.) and the levels of the electronic Q@y). The  total zero-point energy of all modes. In the case of the band
HamiltonianH , contains the vibrational degrees of freedom continuum we will write

for which a harmonic oscillator model will be chosen for the
present problem ex=ectAe, ®
where g is the reference conduction band eneffyr ex-
ample, the energy of the lower or upper band edgethe
case of a band continuum one usually introduces a density of
state written here as

HereT is the nuclear kinetic-energy operator. The potential

energy surfacéPES in the above is given as a sum overthe  p(w)= 2, S(w—Agy). (7)
various normal modes with frequenay, dimensionless co- K

ordinateQ, and displacemer®{” . The latter is usually re- The second term on the right-hand side of E4).comprises

lated to a more convenient parametpi;=—Q\V/2. The  the complete vibrational energy
dimensionless displacement te@}* is assumed to be the

same for all the ionized potential energy surfaces resulting in ho = E vehog @)
Oig- ’ ’

hw
_ 0 5
Ha=T+UQ+ 2& T(Qg—Q(ga))z- 2
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with v={v,} denoting the set of vibrational quantum num-
bers corresponding to the set of normal modes. _tAeu(t)
The vibrationaleigenfunctionsof H,, Eqg. (2) can be

written as a product with respect to functions defined for a i .
single normal-mode == %Zk E Vek<X6v|Xi,u,>eXp|(seu_ e tAKL (D),
o

(14)
|Xav>:1_§[ |Xav§>- 9

and

Since all band levels are characterized by a single type of i .
PES, the associated vibrational states will be denjpggd in FD=—7 2?: Vel Xiul Xen) €XPI (81, — 8 ) tAG (1),
the following. The interstate coupling teri). may depend (15)
on the molecule to surface distance, too. However, it is as- . . . .
sumed here that the normal mode oscillations of the mol:rhe dY”am'Ca' quantity of ”?tereSt_ tha_t wil bg calcu!ated
ecule do not substantially modify the molecule surface dis_numerlcally as well_as analytlgglly in this wqu Is the time-
tance and hence/,, is set independent of). This is dependent occupation probability of the excited state of the
reasonable in view of the rigid anchor group chosen to attacnwolecule which is given by
the chromophore to the surfale.

As the decay of excited state can be within 100 fs it will  Pe() =2 |Ag, ()] (16)
be assumed in the present description that vibrational relax- ’
ation is not crucial. In the above experimental system in-Time-dependent rise of the electronic distributions in the QC
jected hot electrons have been found to relax in about 15@s well as among the vibrational states of the ionized mol-
fs?® and the vibrational wave packet in the excited state oecule can be similarly obtained from the solutions to the
the chromophore lasts at least 1 ‘psHence a time- above equations of motion. Interesting results have been re-
dependent Schdinger equation is justified to obtain the ported on the injected population dynamics among the QC
electron—vibrational wave function. It is expanded accordingevels that can be influenced by the initial vibrational wave

to packet prepared in the excited state by a suitable laser
pulse®®
_ ; In order to obtain an analytical expression, the equation
V(t))= A, (t)explieg,t . 10 ’
v®) ;z; (VxR o0, Xau)| 92} (10 of motion for the excited state can be recast as
To simplify the notation, oscillatory factors given by the  J o f‘ B
eigenenergie®f the various states have been split off. The ot Aes()= ; OdTM oL ) Ag (1= 7). (17)

initial state arising from an impulsive excitation procé¢as ] . . )
t=0) is given as The integral kernel in Eq17) reads(note the introduction of

transition frequencies, €.Geec= €0~ &¢)
P(0))= , (11 . .
| ( > |XgO>|‘Pe> M,(t, 7)=expli wypt) expieecr) Jed 7) Peyy( 7). (18)
WlhereI)(.go) deno(;es the V|brat|ofnal grogng—st_az:‘eo ofthe  + contains vibrational and pure electronic contributions.
electronic ground-stateat=g). If expanded with respect to 3 y'ic the Fourier transform of

the excited-state vibrational wave functions, one ob-
tains the initial conditions for the expansion coefficients

A (0)= 5a,e<Xev|XgO>- (12

Thus the initial state is a coherent superposition of vibronic = 2—Z|Ve(w)|2p(w). (19
levels and constitutes a vibrational wave packet on the h

excited-state PES. The relative contributions from the variqn the second part of this expression, the density of states of
ous excited-state vibrational wave functions to the initialthe electronic levels, name|y E(ﬂ)' has been introduced.
wave packet follows a Poisson distribution that is determinegturthermore one has s¥t, =V.(As,). Since the quantity

2
Jed @)= 77 25 [Ved?d(0—Azy)

by the parameteg, where Jodw) [Eq. (19)], is given as a coupling weighted density of
) states it has to be understood as a spectral defestyt is
(Xeol Xgo) =€XP(—gp/2). (13 common in dissipative quantum dynamjiche vibrational

Since g, is related to the dimensionless displacement bepart of Eq.(18) reads

tween the ground- and excited-state PES, as one increases .
the value ofg, the mean value of the Poisson distribution Pero(7)= 2 (Xeo Xip) (Xipl Xer)EXH —i0,57).  (20)
shifts to higher vibrational levels. a

Usage of the time-dependent Soflirmger equation A rearrangement of the state vectors shows gt (7) can
yields a set of coupled differential equations for the expanbe interpreted as a time-dependent expectation value of the
sion coefficients flip operator| xes){ Xev!-
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IIl. DYNAMICS OF DECAY INTO A PURE ELECTRONIC other words, in the coming sections, as far as electronic tran-
QUASICONTINUUM sitions are concerned only the infinite band limit which is

. . . . . . described by the Fermi's Golden Rule will be considered.
It will be pertinent at this point to revisit the dynamics of

a pure electronic QC. As it is a well studied problem and the

electronic—vibronic QC being a further generalization, it isIV. DYNAMICS OF DECAY INTO AN

worthwhile to initially discuss the electronic QC dynamics ELECTRONIC-VIBRATIONAL QUASICONTINUUM

b_efore_z proceding_ .tO understand ho_w the effec_t of introducingy Properties of the electronic—vibronic

vibrational transitions _alters the time _behawor of the QC.quasicontinuum

One expects constructive and destructive interferences to oc- i ,

cur in the overall population dynamics due to the interaction The dynamics of the QC can become more complicated
of the discrete state with the levels of the QC. Initially the PY the association of a set of vibronic levels with each elec-
discrete state population decays continuously, however, latdfonic level, due to the presence of the Franck—Condon ma-
on rather bizarre re-populatidrecurrence effecisf the dis- trix elements in the transition between the vibronic levels of
crete level takes place. This is due to the presence of a finitih'® €xcited state and that of the QC. Proceeding along similar
energy spacing between successive le¥EEhese, however lines as in the case of an electronic QC one can now obtain
manifest only after a certain initial period of time, the so- €XPressions for the more general case of the decay from a set
called recurrence time, , whose magnitude is inversely pro- of vibrational levels into a QC that is governed by both elec-

portional to the QC energy spacirhg&zs tronic and vibronic; transitions. As' in the pure e!ectronip case,
a constant coupling and an infinite electronic QC is em-
27 ployed. Utilizing the closure relatioﬁﬂglxiﬂg><xi;,,§|=i to
A (21) obtain Pg,;(0)= 8, ; one notes that the simplified expres-

sion shown in Appendix C indicates clearly that its dynamics
Therefore when the QC becomes a true continfwith A is exactly identical to that of the pure electronic QC when
—0), recurrences can occur only after an infinite period oft< 7, . Moreover, settingo;/A=s; and if s; happens to be
time which effectively eliminates such effects from dynami- an integer then it is shown in Appendix C that the time
cal behavior. The excited state then decays irreversibly inteehavior of the infinite electronic—vibronic QC for all times,

the continuum in a manner that is well known from the so-becomes exactly identical to that of the pure electronic QC
lutions of the Wigner—Weisskopf or the Fano—Anderson case.

model®2 All this can be seen from the analytical solution for Thus when one has a truly infinite electronic—vibronic

the discrete state population obtained for the case of a un®C fort< r,, which is the time domain of physical interest,
formly spaced £A) infinite level QC where the coupling of jts dynamics has nothing new to offer when compared with
the discrete state to the QC is a consta(gee Appendix B the pure electronic QC case. However, since one is modeling
For early times, i.e., fot<r,, the QC behaves like a the finite width of the conduction band levels of a semicon-
continuum as the time development is a monotonic exponerjuctor via such a QC approach one has to determine the
tial decay. The recurrence properties of the QC is an interapplicability and relevance of infinite band results for the
esting study by itself but the intention here, is to utilize thefinite case. As seen in the last section, the solution obtained
continuum aspect of the QC by restricting oneself4or,.  for the infinite case applies equally well to the finite case,
This enables one to justify the modeling of a continuum ofprovided the life-time broadening of the injecting level can
semiconductor levels via a QC approach. Thus by an appradse accomodated within such a finite span. The question is
priate choice of the QC spacin, the duration of the time whether a similar criteria can be evolved for the finite
region of exponential decay can be tuned such that all recuglectronic—vibrational QC and if so, how to characterize the
rences arising from the discreteness of the QC are sugenergy span needed to ensure infinity results for such a finite
pressed. band. In order to explore the above issues further, one can
For a finite band, in the time domatr< 7, , the excited rewrite Eq.(C1) by restricting oneself t¢<7, and to a
state decays in an exact exponential fastfi@ccording to single mode of energf w, as
Fermi’'s Golden Ruldsee Appendixes A and)Bprovided the P
eIeptromc coupling is not so strong t.ha}t the Ilfg time broad- — Ay, (D)= — Kz Poyi(0)Agy(1). (22)
ening extends to the band edges. It is interesting to note that dt v
fulfilling the above requirement with as few as 25 levigty
the coupling strength and QC spacing adopted in this ywork
it is possible to obtain results similar to the infinite QC case. ~ dAes(t)

Expanding which one obtains

== K% |<Xev|XiM>|2Aev(t)

The effect of positioning the injecting level close to the band dt

edge of a continuum of band levels, results in slower and

nonexponential decay that has been investigated in a previ- —x , ,

ous work? Similar results can also be shown for the decay U_gu % Xiabxeo) (XerlXin)

into a finite QC. However, the finite nature of the QC that is _—

studied in this work, as one shall see in the next section, Xexp(—ifee— ceotAa(). 23

arises not from a consideration of transitions into a pure elecAlthough one has started with the solution for the infinite
tronic QC but rather from that of vibrational transitions. In band case, it will be shown below that the finite nature of the
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electronic QC will impose restrictions on the summation
over vibrational transitions and hence it will not necessarinPe(t)”E | A, (t=0)|exp( —k,t)
lead to the trivial resultPe,;(0)= 45, ;. In the above equa- ’

tion each term(xe,| xi,.)|? corresponds to a vibrational tran- DS B 3
sition whereby the ionized molecule gains a vibrational en- N ~ < Aey(1=0)Ag,(1=0)
ergy of (u—v)hw, (for u>v) and the electron loses an '

equal amount of energy to be injected into a level which is
(u—v)hw, below the excited electronic state. In other
words energy conservation dictates that the following:

2K
xexp — [k, +k;t/2) Tse_()(iﬁb(ev)()(eﬂxip)

ev
Xsin(ee, —ee)t, (26)
ex=eet(v—p)hw,, (24)

should be obeyed. However, the presence of the lower edd’ghere
of the finite band of QC levels restricts further vibrational
transitions as it specifies the maximum electron energy loss _ |2
possible in the injection procesfor each initial excited vi- k”_ZK% Cxertxiz) [ @
bronic leve), as no further QC electronic levels are available
thereafter. Thus the summation over the vibrational transitn Appendix D it is shown that the basic form of E&6) can
tions in Eq.(23) becomes finite and one can denote the maxibe obtained in an elegant fashion by neglecting retardation
mum value ofu attained asu’. Although one needs the effects in the basic equation of motion given in ELj7). The
entire set of orthonormal vibrational eigenstates to formallyfinite nature of the QC is reflected in the restricted summa-
ensure closure and orthonormality properties., Pe,5(0)  tion over u which is indicated byi. The first summation in
=6,,], it is still possible to obtain even with a restricted the above expression indicates the decay of the diagonal el-
summation, denoted bj, the relationsSz|(xe,[xiz)|°~1  ements and the second summation represents the coherence
and =5, 2 . Xiul Xeo){ XeolXin)=0. This is because the effects arising from the interferences between the various
value of Franck—Condon overlap terms become exceedinglyff-diagonal elements. Such coherent effects lead to modula-
small after a certain value of, say u., and subsequent tjon of the population in the excited state in the course of its
terms in the summation hardly contribute to the summed Ujecay. The oscillations which arise from the interference die
value. This critical value depends on the dimensionless dispyt in the time scale of electron transfer due to the presence
placement parametae;:=(Je;—Jiz) between the excited of the exponentially decaying functions. It should be noted
and the ionized state. Therefore, the condition for attaininghat the above expression can a|so describe decay Of the ex-
the Wide'band ||m|t even W|th a f|n|te eleCtroniC Vibl’OI’liC QC Cited state When one has |n|t|a||y a therma| popu'ation_ In
is that uc<u'. In such a case the vibrational transitions this case the off-diagonal coherences in the second summa-
disappear from Eq(23) and one obtains Fermi's Golden tjon has to be ignored and for the first summation the initial
Rule as its solution. However, when,> 4", one obtains an  probabilities need to be appropriately defined. Therefore, Eq.
interesting result as the Franck—Condon transitions are nO\(\QG) represents a genera| expression for heterogeneous ET
retained in Eq(23), although they now appear within a re- jnto empty levels of a semiconductor substrate.
stricted summation that is indicative of a finite electronic Bixon and Jortnéf have derived a similar expression
QC NOW, if there are sufficient electronic levels to accomo-for Coherent decay from a set of Vibronic states into an infi-
date the life-time broadening for each vibrational transition,pjte intramolecular vibrational QC. However, unlike in Ref.
electronic transitions continue to see an infinite QC bandg, Eq. (26) deals with a finite electronic—vibronic QC of
while the vibrational transitions sense its finite nature. final states wherein all allowed Eranck—Condon factors are
Of course, in the above case it has been assumed thakactly included. With no restrictions on the summation, Eq.
wg>A since forw,<A one is already in the infinity limit for  (26) goes over to the infinitéwide-band QC limit and this is
electronic—vibrational transitions even prior to attaining theequivalent to the decay into a pure electronic QC or the
|nf|n|ty limit for a pure electronic transition. The Subsequentconstant Coup"ng limit as it is described in Ref. 18. Herein
sections would deal mainly with the physically relevant asthe diagonal terms of Eq26) become identical with that of
well as interesting case of having.> A since for the other Fermi's Golden Rule. Also the summation over the off-
case the dynamiCS is no different from that of the inﬁnitediagona| terms goes to zero. The decay rate becoming inde_
electronic QC case but strictly only for timés<7, as is  pendent of Franck—Condon factors in the wide band limit is

shown in Appendix C. _ _ a characteristic feature of heterogenous ET has been noted in
One can now derive an approximate expression for thgyef. 5.
decay of the excited state for the case when,, which is In the wide band limit, since each excited vibrational

the focus of physical interest here. One utilizes &3 and  |evel decays at the same rate given by Fermi's Golden Rule,
solves the differential equation by assuming an exponentiagkmperature variations do not influence the overall time de-
decay for the term pendence of the decay. However, when one is not in the wide

_ band limit each excited vibrational leveb’” decays at its
Ag(t)~Ag(t=0)exp —k;t/2), 25 o : A .
() =Ae(t=0)exp—k;t/2) @9 own specific exponential ratek:” that is weighted by its
as a zeroth-order solution. The dominant terms of the decaipitial occupancy. Since the initial occupancies can be

can be expressed as modified by variations in temperature, the overall decay
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determined by the sum over the diagonal and the 1
off-diagonal terms, in such a case, will acquire a temperature
dependence. Although in the present treatment temperature
effects cannot be explicitly included, the effect of varying
initial occupancies on the decay of the excited state will be
addressed in this work. One can thereby infer the effects of
temperature on the decay of the excited state. _
In the coming sections exact calculations will be carried §

out in order to study the effect of both system parameters as
well as experimental parameters on the time scale and nature
of the decay. In most of the cases Eg6) will be plotted
alongside exact calculations to show its accuracy. However, ..
for cases whemr, as determined by Eq24) falls exactly at
the band edges, Eq26) does not give accurate fits. The
reason being that at the band edge the lifetime broadening o ‘ ‘ ‘

. . . 0 100 200 300 400
spills over the band edge and this causes the assumption o Time (fs)
an infinite band being available for the pure electronic tran-

sition to become invalid. One has to then make appropriatE'G- 2. Excited-state decay from an energetic position of 0.5 eV from bot-
) tom of a 1.4 eV wide QC for various reorganization energieSolid line:

corrections to include such edge effects. N=0, dotted line:A=0.2 eV, dashed linex=0.45eV, long-dashed line
For the various numerical calculations an electronic QCcorresponds to the slowest dekay=0.8 eV. The slender solid line rep-

of width 1.4 eV with a spacing oiA=0.01eV will be cho- resents fit for the corresponding calculations from ).

sen. A single mode of vibrational spacing fv,=0.2 eV

will be used with 11 vibronic levels in the initial excited- ) ) )

state manifold and 21 vibrational states for every electroni@C results in the restricted summation over the Franck—

level in the QC. The electronic—vibronic QC thus consists ofcondon terms and more importantly leads to off-diagonal

2940 levels. The purely electronic lifetime of the excited CONerences.

state or equivalently its lifetime in the wide-band limit is ~ Steplike oscillations are seen in the de¢&ig. 2) which
determined by the value of (2! which is always around &€ essentially modulations in the ET rate as the wave packet

80 fs, a value that is close to experimental resultmless MOVeS towards and away from the curve crossing of the ini-

08 r

specified in the calculations, usualiy=1. tial and final (QC)_ of pote_nf[ia_tl energy surfaces. Wh_en the
wave packet is in the vicinity of the curve crossing the
B. Effect of changing the reorganization energy excited-state decays more rapidly than when it moves away

S ) (compare also Fig.)LAs a result oscillations occur in the

The reorganization energy for the formation of the effective ET rate as seen in Fig. 2. This is characteristic of
molecular cation has been given in ). If this quantity  two level systems and has been studied extensively both
vanishes one easily realizes that Efj7) does not couple theoretically (see, for example, Ref. 17as well as
different vibrational stategM -, Eq.(18) becomes diagonal = experimentally® Clearly an increase in the reorganization
since forA =0 the quantityPe,,, Eq.(20) equalsé, ;]. Asa  energy accentuates the finite nature of the QC as evidenced
result, all vibrational levels decay with the same rate. Oncq)y slower and modulated oscillatory ET. Conversely for
again the decay into a pure electronic QC is obtained in @majler values of reorganization, even though one has a vi-
manner similar to the wide-band limit. However, in this caseprational wave packet in the excited state, only a smooth and
even fort>r, the two QC have identical time behavior rapid monotonic decay of the excited state is obtained.
irespective of whethemw,;,/A is an integer or not. In a By varying the reorganization energy one is essentially
previous work when excited state decay into a continuumarying the total number of significant Franck—Condon
(7—2) was studied? it was argued thak =0 is the same  terms that is being summed up within the restrictions im-
as the wide-band limit. The above reasoning seems to Vi”dbosed by the finite nature of the QC. For instance wken
cate that assumption for the continuum limit. However, as<y , . the first few terms are sufficient to obtain a sum to

one shall see later this is true only for a constant eIectronignity leading to a wide band limit or a pure electronic QC

coupling. o . behavior. However, ifA>%w,, a number of terms are
The decay of an initial vibrational wave packet into a needed for a sum to unity and this may not be possible be-

finite electronic—vibronic QC for different reorganization en- -5,se of the restriction on the summation. Hence this would

ergies is examined in Fig. 2. Here and in the followgs  |ead to slower and modulated decays.
varied via the change of the mutual displacement of the two

PES referring to the excited molecule and to the cationicC Effect of ing th i f the iniecting level
state of the molecule. One notes that the decay is fastest fof’ ect ofvarying the position ot the injecting leve
A=0 which is also equivalent to the wide band limit. For The position of the injecting level like the reorganization
finite values of\, the Franck—Condon factors contribute to energy is an important system parameter. Its role in deter-
the population decay and their effect is essentially to slowmining the dynamics of decay into the electronic—vibronic
down the rate of decay since the restricted summation iQC can be understood from E@6) wherein, it determines

always less than unitfcf. Eq. (27)]. The finite width of the the minimum and maximum value @f via the energy con-
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FIG. 3. Excited-state decay for a reorganization enexgy0.2 eV and for  FIG. 4. Phase change occuring in the excited-state decay between two dif-
various energetic positions, from the bottom of a 1.4 eV wide band. Solid ferent energetic positior(seorganization energy=0.2 eV). Dotted linez,

line: wide-band limit, dotted line: 0.7 eV from the bottom, dashed line: 0.5 at the bottom of the QC band, solid linkz, positioned 0.4 eV above the

eV from the bottom, and long-dashed line: 0.3 eV from the bot- top of the 1.4 eV wide QC band.

tom. The slender solid line represents fit for the corresponding calculations

from Eq. (26).

curve crossings at the farther end of the excited state PES,
servation condition of EC(24) When the vibronic levels of ET levels off when the wave packet is trave”ing in this vi-
the excited state are in the middle of a SUffiCiently wide banq:|n|ty This is also the situation that is encountered in two-
one obtains a large range of allowgdvalues such that all  |aye] problems as well as in the variation of the re-
relevant Franck—Condon factors can be summed to unityrganization energy discussed previously. However, a unique
thereby obtaining the wide band limit. On the other handsjtuation occurs when the excited state is close to the top of
when the excited state is close to either the top of the Qqhe QC Now, it can happen that sufficient curve Crossings
band or to its bottom then E¢24) allows for only a limited  (hetween the excited state PES and that of the ionizell QC
range ofz values and one usually obtains from such a re-exist when the vibrational wave packet is moving away from
striction, slower and oscillatory decays. This behavior is rethe equilibrium of the ionized state PES whereas levels are
flected in Fig. 3 which shows the effect of varying the posi-not available for ET closer to the equilibrium point. In this
tion of the injecting level on the excited-state populationcase the excited state decays when the wave packet is away
decay. For a given value of reorganization energy, the decayom the equilibrium point of the ionized state but levels off
becomes slower and more oscillatory as the injected level ighen it moves towards it. Thus a phase change occurs in the

shifted closer towards the lower band edge. It is interestingscillatory decay between positions, when the injecting level
to note that when the excited electronic state is close to thgs close either to the top or to the bottom of the band as is
bottom of the band, the steplike oscillations indicate ET oc-seen from Fig. 4.
curs rapidly when the wave packet is moving towards the
equilibrium value of the ionized state PES but levelling off
when it is moving away. However, the exact opposite behav—D Effect of ing the initial vibrational ket
ior is noted from Fig. 4 when the excited electronic state is™ ect ot varying the inftial vibrational wave packe
close to the top of the QC band. In an experiment the initial vibrational wave packet
One can understand this via simple curve crossing argupopulation profile among the vibronic levels of the excited
ments as drawn in Fig. 5. If the QC is wide enough withstate can be varied simply by changing the pulse width
respect to the position of the injecting level then all intersec-and/or the wavelength of the exciting laser pulse. Since the
tions (curve crossingsbetween the excited-state PES andexcitation is assumed to be impulsive in this work, the initial
that of the ionized state QC is realizable. In that case electrostate is varied by varying the position of the of the initial
transfer to the QC occurs at every point in the course of thevave packetyy,. This is achieved in varying,, thereby
trajectory of the vibrational wave packet in its co-ordinateachieving vibronic wave packets of corresponding higher or
space, and consequently the decay is monotonic and one liswver average energies. The related Poisson distribution of
de factoin the wide band limit. When the injecting level is probabilities among the vibronic levels implies that only a
close to the lower band edge, there are sufficient curve cros$inite number of them have a numerically significant initial
ings with the QC of the ionized state PES when the waveoccupancy. If each of them individually satisfy the the wide
packet is moving towards the equilibrium value of the ion-band limit, i.e., all of them have the same time decay, one
ized state. Hence, ET will occur when the wave packet ibtains the decay pertaining to the pure electronic decay. For
moving towards the equilibrium point. On the other hand duea different Poisson distribution of initial occupancies one can
to the lower band edge, when levels are not available fopbtain a similar result if one is far from the band edges.
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(b) Q

FIG. 5. Scheme of PES for the excited molecular level with RESoupled

to the limited continuum of PE®, corresponding to a finite conduction
band. Part a: Bottom df, is degenerate with the upper band edge. Part b:
Bottom of U, is degenerate with the lower band edge.

However when one is close to a band edge, different Poisson

distributions can give rise to different decay times. For in-
stance, when one is close to the lower band edgg (
=0.1eV), a distribution §,=1) in which the lower vi-

bronic levels of the excited state have most of the initial

probability of occupancy, the excited state decay as seen in

Fig. 6 (see dotted lineis much slower, with the clear signa-
ture of the step-wise decay. On the other hand when th
Poisson distribution is shifted to higher vibronic levetg, (
=2), the decay can be faster as is seen in Fige@ dashed

Ramakrishna, Willig, and May
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FIG. 6. Excited-state decay from, positioned 0.1 eV above the bottom of
a 1.4 eV wide bandreorganization energk=0.2 eV). Solid line: wide-
band limit, dotted line: lower vibronic levels populated,&1), dashed
line: higher vibronic levels populatedy{=2). The slender solid line rep-
resents fit for the corresponding calculations from &8).

large band or the reorganization energy is rather small, it
should be possible in principle to obtain different excited-
state decay with the modulation of transfer probability by
changing the wavelength of the laser pulse. In such cases one
can control the excited state decay by appropriate variation
of the wavelength of the laser pulse.

E. Excited-state decay in the presence of two
vibrational modes

In order to understand the decay in realistic situations
where more than one vibrational mode can actively partici-

08 r

06 - b

02 r

e

0

I I !
100 200 300 400

line). When the excited state is close to the upper band edge ° Time (fs)
(e.=1.3eV), as in Fig. 7, the exact opposite behavior is to

be expected, i.e., lower vibronic populatiorg, € 1) decay
faster (see dotted line in Fig. )7whereas higher vibronic
populations §,=2) decay more slowlysee dashed line in

FIG. 7. Excited-state decay from, positioned 1.3 eV above the bottom of
a 1.4 eV wide bandreorganization energk=0.2 e\). Solid line: wide-
band limit, dotted line: lower vibronic levels populated,&1), dashed
line: higher vibronic levels populatedy{=2). The slender solid line rep-

Fig. 7). Thus unless the excited state is in the middle of aresents fit for the corresponding calculations from &x).
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pate in electron transfer, two vibrational modes will be explicitly included in the analysis of the excited state population
dynamics. As the numerical results have been shown to be equivalent to the decay expression one can €2&nd &two

mode case and draw inferences from its time behavior when several modes are actively involved in the electron transfer
process. Accordingly

Pefo, o, (D=~ 2 [Ag, (t=0)?|Aq, (t=0)[%exp( Kk, , 1) = 2 Ag, (t=0)Ag (t=0)X|A, (t=0)|?

1:02 U1,U2,U1

10_18”2U2

2k
Xexp —[k + Ky ]tlz)efSir‘(sevl_gevZ)t— 2, |Aev1(t:0)|2Aeu2(t:O)Aefz(t:O)

v1v2 v1v2 e
8v1 evl v1,Up,U2

2x 1”18U2?2
X exp(— Ky, Ky, 12—

Sin(ee,, —8e)t— 2 2 Ag, (t=0)Ag (t=0)

ev2_8e172 V1,02 vq,Up

2k Sir[(sevl_ Sev_l) + (Seuz_ Sev_z)]t

X Aey (1=0)Ae, (t=0)exp(— [k, ,, T ki 5. I112)S, 7S, 5, o)t Catay) (28)
|
where V. EFFECT OF VARYING THE DENSITY OF STATES
AND THE ELECTRONIC COUPLING
kvlvzz 2K801U1 szvz (29 . . . .
In the previous section various facets of the decay into
and an electronic vibronic QC were studied including that of its

control by different, initial, laser prepared populations. How-

ever, the entire analysis including all the previous work done
S,m= 2 (Xilxes YXer I xi7)- (300 on pure electronic QC have always assumed a constant den-
a sity of states, i.e., a uniform spacing, as well as a constant

The dominant terms of decay for a two mode case casoupling strength. It is well known that the density of states
thus be cast into a purely diagonal term for both the mode8f the conduction band varies with energy and this can be
(the first tern)' and three Oﬁ-diagona| terms arising from ignorEd Only if the variation is extrem6|y slow over the en-
cases wherein one or the other mode is diagonal while thergy range that is resonant with the life time broadened en-
other is off-diagonalthe second and third summation tejms ergy of the injecting level. For a pure electronic QC tending
and the wholly off-diagonal contribution as signified by the
last term. Depending on the frequency of each mode and the
displacment of its PES with respect to the ground state a
sub-set of modes can satisfy the wide band limit. For such
modes the following relationship will hold namel§, ;-

= 5vi'7i' The consequences of this can be seen from(Eg).

For instance if both the modes satisfy the criteria for the 08
wide band limit then, Eq(28) becomes identical to that of
decay into a pure electronic QC. Thus for two modes of
frequenciesfiw;=0.08 eV andi w,=0.06 eV one finds that

the wide band criteria is satisfied and the decay coincides §
completely with the decay into an electronic QC as in Fig. 8. -
On the other hand if only one of the frequencies satisfy the
wide band limit ¢z w,=0.08 eV) whereas the other one does
not (hw,=0.2eV), Eq.(28) reduces to that of a single mode
case€li.e., Eq.(26)] as can also be seen from Fig. 8. Thus all
the modes which satisfy the wide band limit have no role in
the decay and even a large number of such low-frequency
modes will not smear out the oscillations of the high-
fregency modes which modulate electron transfer. When
both the modes do not satisfy the wide band limit, one obFIG. 8. Excited-state decay for constant coupling two mode system.
tains a genuine case of a two mode result as is seen from theP-5 eV above band edge. Solid line: Wide band limit as well as decay with

slowest decav curve of Fia. 8. If more than one mode doegnodes of frequenciedw,=0.08 eV andi w,=0.06 eV. Dotted linefiw,
. y . g_' . ~7=0.08eV andiw,=0.2 eV. This coincides with numerical calculation ob-
not satisfy the wide band limit, the decay gets slower withiained for the decay of a single mode whére,=0.2 eV (dashel Solid

the inclusion of every such mode. line with slowest decayhw,;=0.28 eV andhw,=0.2 eV.
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iy Extending the above method to the electronic—vibronic

QC one can now incorporate the variations in the effective
coupling into the expression for the decay of the excited state
(for a single mode case and fox 7,)

- —m2
i | Pe(t) =2 |Aq,(t=0)[%exp —k,t)
5
o
=2 2 Aa(t=0)Ag(t=0)
vFEL u
2k
oz | xexpl(— [k, +kgJt/2) ——— (iu[v)(v] )
v U
X sin(e, —ep)t, (33
0 s s ‘
0 100 200 300 400 where
Time (fs)

FIG. 9. Excited-state decay for various energetic positiqnsom the bot- k,= 22 Kvﬁ|<v |)|? (39
tom of a 1.4 eV wide band of electronic QC. Solid line: wide-band limit, M
dotted line: 1.3 eV above the bottom, dot—dashed line: 0.7 eV above the d
bottom (mid-band and coincides with wide-band lijpitiashed line: 0.3 ev &N
above the bottom. The slender solid line represents fit for the corresponding 7T|v |2
calculations from Eq(32) for &, values 1.3 eV, and 0.3 eV from bottom of Ko~ = fF(Iw: -~ 35
the band. vp A ({wi}.o, ). (39

Now f({w;},v, ) is a function which includes not only the
towards the wide band limit one may be justified in ignoring vibrational quantum numbers of the excited and the ionized
such variations but since in this work one is considering themnolecule(that help to locate the electronic level in the QC
effects arising from the finite nature of an electronic—into which the electron is injectg¢dbut also the band param-
vibronic QC it will be of interest to explore the effects of a eters of the semiconductor modgM(}). One can use for
varying density of states and/or a varying electronic coudnstance the functional form from a one-dimensiofHD)
pling. chain of atoms for compound semiconductors with a con-

In order to mimic a simple case of a local density of stant coupling for the molecular excited state at the end of
states on the first atom of a semi-infinite chain in a tight-the semi-infinite chaiff or where the coupling is also
binding modef? the electronic couplingV,|? is defined for ~ varying?®> However, for purposes of illustrating the general
the pure electronic QC as physics, the simple case that was considered in the pure elec-

e |U|2(W2—(8k—W)Z)l/2 - tronic QC will be tazlken up ?amfly 2
ke w ’ W= [W— (3, Tifiw,) ]

f(w,0, )= - . (36)

wherew is the value ofe, at the mid-point of the QC band.
The electronic coupling is now a parabolic function which The band parameters in this case just reduces tehich is
reaches its maxmimum value in the middle of the band anghothing but the value of the energy level of the QC in the
goes to zero at the band edges. Since one is in the infinitgéiddle of the band, i.ew= g (mid—point). One has to
band limit (Fermi's Golden rule regimethe injecting level  note that7 signifies a restricted summation indicating the
senses a value of the coupling appropriate tokthevel that  finite nature of the electronic vibronic QC.
is energetically resonant with it. The time-dependent occu-  The accuracy of using the modified decay expression Eq.
pancy of the injecting level, therefore, follows an exponen-(33) is seen from Fig. 10 wherein the decay is plotted for
tial decay at a rate 2 where: different injecting positions for the excited electronic state.
2y12 Since the effective electronic coupling given by E81) is
(32 decreasing away from the middle of the band, the decay gets
progressively slower when the excited state is shifted to-
As can be ascertained from Fig. 9, the decay into an eleowvards the lower band edge, whereas remains more or less the
tronic QC with an electronic coupling which varies as in Eq.same when it is shifted to the upper part. The latter trend is
(31) is indeed given by the above expression where the ratebvious since the largest terms in the summation leading to
depends on the energetic location of the injecting lexel  the overall ratd Eq. (34)], is included once the level is po-
But this is similar to the expression one obtains in the widesitioned above the middle of the band. For this reason the
band limit for a level injecting into a continuum of levels decays plotted in Fig. 10 are different from the one into the
which has a quadratic energy dependence for its density qfure electronic QC where the decays are symmetrical below
state<? In this manner by a suitable choice of the electronicand above the middle of the bafske Eq(32)]. In any case
coupling one can bring variation in the density of states ashe decays that are obtained here are slower than what one
well as in the electronic coupling into the QC approach.  would obtain for the case of a constant couplicgmpare

_ 7T|U|2 (Wz_(se_w)
A w
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FIG. 10. Excited-state decay for various energetic positions,dfom the FIG. 11. Excited-state decay for variable coupling two mode system.
bottom of a 1.4 eV wide ban@eorganization energy=0.2 eV). Solid line: =0.5eV above band edge. Solid line with fastest decay: Wide band limit.
electronic wide-band limit. Dotted line: 1.1 eV above the bottom as well asDashed line# w,;=0.08 eV andi w,=0.06 eV. Dashed—dotted line: Single
long dashed line: 0.7 eV above the bottgmid-band casg have similar  mode%w,=0.2 eV. Solid line with modulation w,=0.08 eV andfw,
time scales are shown just above the solid line. Dashed—dotted line: 0.5 e¥ 0.2 eV. Dotted line% w;=0.28 eV andiw,=0.2 eV.

above the bottom, dashed line: 0.3 eV above the boftwhich shows the
slowest decay The slender solid line represents fit for the corresponding
calculations using the modified rate given by E84) for . values 0.5 eV,

and 0.3 eV above the bottom of the band. solely from the electronic coupling while adopting a varying

density of states as well as electronic couptfrfg would in
principle, lead to its overestimation. However for negligible

. ) o ) reorganization energy and/or very slowly varying density of
with Fig. 3). This is clear from Eq(34) since the presence of giates one can indeed be very close to the pure electronic

the z index in «,7 implies that the Franck—Condon factors nneling limit. Going back to the question of whether neg-
can never be summed to unityhich leads to the maximum jigiple reorganization is the same as the wide band limit, the
rate, i.e., the wide band or the pure electronic QC liitt  5ngyer is that this would be true only if the density of states
to some value which is less than unity. For the same reasog,q electronic coupling were to vary only marginally over
the coherenc_e effects from the off-diagonal ter_ms cannofhe relevant energy range. Otherwise this assumfftion
completely disappear though they can be considerably r€yqyig pe incorrect. Consequently the excited-state decay
duced as can be seen when the position of the injecting levgl; ajways have a residual temperature dependence even in

is close to the mid-band region and above it in Fig. 10. 6 \ide band limit if the density of states and/or the elec-
The extension to a two mode case is straight forward agqnic coupling were to vary significantly.

in the case of constant coupling and the results are depicted
in Fig. 11. The ty\{o Iovy-frequency modes Whlch satisfy theVL SUMMARY AND CONCLUSIONS
wide band conditions in the constant coupling case have a
slower decay than the wide band limit showing mild residual ~ Photoinduced charge-transfer from molecule to solid has
oscillations, since the effective varying coupling does notbeen modeled and studied via an electronic—vibronic QC.
allow for the complete cancellation of the Franck—CondonEssential differences between the electronic QC and its gen-
terms. Similarly, the reduction of two modes to a singleeralization namely the electronic—vibronic QC have been il-
mode when one mode satisfies wide band limit in the conlustrated. Utilizing the properties of the QC namely tiat
stant coupling caséefifw,=0.08 eV), whereas the other does the QC behaves like a continuum in the early time window
not (Aw,=0.2eV) is not seen when the effective coupling is before the onset of recurrences ajid this time region can
varying. Thus lower frequencies do play a role in the decaybe extended to longer times by varying the QC spacing, an
in the case of varying effective couplirfigr equivalently the approximate expression for the decay of the excited state has
case of varying density of states and/or electronic couplindpeen obtained. This expression can be utilized to describe
strength, especially in slowing it down. It is likely that al- decay from an initial thermal distribution as well as when
though lower frequencies are damp@eécause of the partial one has an initial vibrational wave packet. The expression for
cancellation of Franck—Condon terms large number of the decay valid for a finite band also includes the wide-band
them may still smear the higher frequency oscillations. as a limiting case and accurately reproduces all the numerical
Therefore one obtains the important result namely thatesults concerning the decay of vibronic coherence as a func-
when one has a density of states and/or an electronic codion of band-width, energetic position of the injecting level,
pling which is varying significantly, then the decay into the reorganization energy as well as initial population profiles in
band states will not be independent of Franck—Condon facthe excited state. Making use of this fact, the case of two
tors and hence cannot be determined by the electronic cowibrational modes has also been studied via the decay ex-
pling alone. Hence any attempt to obtain the injection ratgression and inferences have been drawn when one can have
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several modes actively involved in the electron transfer proslower compared to the above limit but can be modulated by

cess. In the last section it was also extended to include reakppropriately prepared vibrational wave packets and will

istic variations in the density of states as well as in the elecshow temperature dependent decays.

tronic coupling both of which can be incorporated in the  The finite nature of the electronic—vibronic QC mani-

decay expression as an effective variable electronic couplingests when(1) one or more active vibrational modes do not
The decay expression has been obtained using the asatisfy the wide band limit or equivalently, the reorganization

sumption that the infinity limit for the pure electronic transi- energy associated with respective made mode$ is com-

tion is attained within a much shorter span of energy widthparable to the energetic distance of the injecting level from

than for vibrational transitions. Thus one can assume thée lower edge of the band aii@) irrespective of the active

infinity limit for the electronic transitiongFermi’s Golden modes satisfying the wide band limit, if the effective elec-

rule) while still retaining a finite band for the vibronic tran- tronic coupling varies significantly over this energy range. In

sitions. When the electronic coupling gets even stronger tsuch cases to consider the electron injection process as

induce life time broadening which spills over the finite bandpurely electronic would lead to overestimation of the injec-

edge, Fermi’s golden rule can no longer be used to describiéon times??23

the population decay of the excited state as has been shown

from continuum calculation® In such cases the decay be- ACKNOWLEDGMENTS

comes oscillatory and has to be numerically calculated and  \y4 gratefully acknowledge support by the Volkswagen-
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Whenever the decay is modulated by vibrational coherpgische Forschungsgemeinsclisfb 450. S.R. thanks the

ence, the amplitude of modulation gradually attenuates dufyympoldt University at Berlin for computational facilities.
ing the course of the decay and dies out as the process of

electron transfer is completed. The amplitude of modulatiomppEND|x A: GOLDEN RULE TRANSITION RATE

is determined both by the initial conditiorflaser prepara- )

tion) of the excited vibrational states, and by the energy and !N order to have a reference rate expression at hand, one
transfer parameters of the model. For instance, energetic p§°Mputes the rate for the transition from a particular vibra-
sition of the injecting vibronic level of a given mode with tional statexe, into the QC according to the Golden Rule of
respect to the band edges, and its corresponding reorganiZdantum mechanics. The rate reads

tion energy, will determine whether the quantity 2

Szl xiz){xizl is close to, or less than unity. Accordingly, the kevng Vel [ Xew| Xi )12 0(E e, — &) (AL)
amplitude of modulation can be small or significant. Static .

inhomogeneous effects not considered here, can lead to Noting the definition of the density of states, Ed) and the
distribution of injecting positions and reorganization energiegnverse Fourier transformed spectral density, Ep) one

(via the PES displacemenisesulting in a possible smearing easily obtains

of oscillations. Such effects and anharmonicity can also re-

sult in nonuniform vibrational energy spacing and smoothen kg, = >, [ Xeol Xi )| e €ect @, ). (A2)

out modulation. Interestingly, varying the coupling strength #

in order to mimic a specific density of states results in en-

hancing the amplitude of modulation vis-a-vis constant couAPPENDIX B: EQUATION OF MOTION FOR THE

pling since invariably=- «,7|xiz){xiz|<1. At the same ELECTRONIC QC AMPLITUDE

time some amount of smearing of high-frequency oscilla-  The equations of motion for the amplitudg(t) of the
tions can be expected from a large number of low-frequencexcited state can be directly obtained from Ey) by drop-
modes for this case, unlike for constant coupling. From ging all vibrational guantum numbers, i.e.

study of the off-diagonal terms in the decay expression, it .

was seen that the oscillations are dominated essentially by —A (t)= _f drM(7)Ag(t—17). (B1)
the fundamental harmonics of the modulating frequencies. ot 0

The results indicate ET from the excited state to thethe kernel, Eq(18) is thereby reduced to the quantityy( )

equivalent to the zero re-organization limit when one has gresent case of a regular as well as an infinite QC that has a
constant effective electronic coupling. Under these condizonstant transfer coupling. One notes that

tions namely,(1) constant electronic coupling an@) all .

vibrational modes participating in the electron transfer fulfill . B

the criteria for the wide band, the transfer time is determined ple) _n;w dl@=nA), (B2)
only by the combination of electronic coupling and the avail- L

able density of states in the semiconductor and will be temf’Ind obtain ¢ =Ve/h)

perature independent. Also in this situation, ET is not modu- * _ *

lated by vibrational wave packets nor can it be manipulated  Jed(7)=|v|? _2 e M47=2 _2 o(r—n7). (B3
by varying the initial population profiles by means of appro- = =

priate laser pulses. However, for the case when the finit€or the last step the Poisson summation forritutes been
nature of the band plays a role in determining ET, it becomesised
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o

E exp —i2mwnx)= 2 o(x—n),

n=—oo n=-—w

(B4)

and the following namely, the recurrence time=2#/A and
the decay ratec=|v|%7,/2 have been introduced.
If one inserts this expression into E@1) it follows:

[

i Agt)=— KAe(t)—zK}_‘,l o(t—nr,)

ot
Xexpineger)Ae(t—N7,). (B5)
The solution forA4(t) is given a&®~2’
Ad)=e " 1— > o(t—nr)exp(iee+ k)NT,)
n=1
1 1
XZK(t—nTr)ﬁLn_l(ZK(t—nTr)) . (B6)
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yields 1 for the complete exponential function and one ob-
tains P, ;(n7) =4, ;. As a result Eq(C1) reduces to

)

J
—Aey(1)= = KAg, (1) =2k >, O(t—nT)
ot n=1

Xexpineeger) Ag,(t—N7,). (C2

Thus, the equation of motion fdk,,(t) for all possible sets

of v become identical to each other and to the equation of
motion for the amplitude of the excited state decaying into a
pure electronic QC, namely E¢B5).

As already clarified the two essential conditions to be
fulfilled for the entire time-behavior of the electronic QC to
coincide with that of the electronic—vibronic QC are an in-
finite electronic—vibronic QC ang; should be an integer. If
the condition of wide-band alone is satisfied then the two QC
have identical behavior for times<z,. The second condi-
tion is an intrinsic property of the electronic—vibronic QC. It

Here, theLﬁ_l are associated Laguerre polynomials. Theis interesting to note that ib <A then even though the first
first term of Eq.(B6) gives rise to dynamics associated with condition will usually be fulfilled the time behavior
the continuum aspect of the QC whereas the infinite summdor t> 7. will always be different from that of the pure elec-
tion gives rise to dynamics related to the discrete nature offonic QC.

the QC. This is evident, since the first term alone contributes

to pure exponential decay in the lifetime, which is character-

istic of continuum behavior. Also the contribution of the AppENDIX D: DIFFERENT SOLUTIONS TO EQUATION

terms grouped in the summation can be shifted to infinitelyor MOTION FOR THE ELECTRONIC=VIBRONIC
later times by making the discrete QC tend towards a conQC AMPLITUDE

tinuum (i.e., A— 0 which results inr,— ). The presence of
the Heaviside functions lead to sudden periodic interruptions

in the time development, at various multiples f.

As a third example for a solution of the basic equation of
motion Eq.(17), one can derive an approximate expression

The decay rate corresponds to the Golden Rule expres-for the state populatiofEq. (16)], which is valid in the time-
sionke/2=J.J2= m|v|?p. This is similar to what is obtained egion of interest before any recurrence has occurred. As an

from either Eq.(A1) or Eq. (A2), for a pure electronic case initial approximation one neglects retardation effects in Eq.
with a constant coupling as well as a constant density of (17) and obtains

statesp that is set equal to M.

APPENDIX C: EQUATION OF MOTION FOR THE
ELECTRONIC-VIBRONIC QC AMPLITUDE

As a first step Eq(17) is solved for the case of a regular
electronic QC with a constant coupling as used in Sec. lIl.

The respective spectral density is given in EB3), and
consequently Eq17) becomes

oo

J .
StPen()= — KAq, (1) - 2Kn§l 6(t—nr)expingecr)

X 2, expliw,pt) Peyy(N7) A (t—N17)).

(CD

For the first term on the right-hand sid®,,;(0)=4,
which can be directly deduced from E(RO). This result
shows that in the time region< 7, all vibrational levels de-
cay with the same ratei2

d 1 _
“Aw)== 52 expliogt K Aet), (DY)
where the general rate
KUFZJ drexplieecm)ed 7) Peyy(7), (D2)
0

has been introduced. The neglect of retardation effects in
determiningAg, is justified if the expansion coefficients do
not change substantially during the time period when retar-
dation is importanfdecay time ofM ;(t,7) with respect to

its ~-dependende The rate, Eq(D2) can be understood as a
half-sided Fourier transformed function which, in the general
case, becomes an expression with a real and an imaginary
part. Although the latter can be accounted for in the follow-
ing computation one concentrates on the real part and arrives

at:
kvvt ReszTE 50,1)4(1)—’_(1_ 51),17) kUlT' (D3)

This separation is introduced in E@1) and a perturbation

Next it is assumed that for all vibrational modes in- expansion with respect to the off-diagonal ratgsis carried
volved, the ratics;= w,/A is an integer. Then the argument out. The zero-order solution is simplﬁg?,)(t)=AeU(O)

—iw,,7 of the exponential function irP,,;(n7;) becomes
equal to —i27n3s:(u:—v,) [compare Eq.(20)]. This

Xexp(—k,t/2). The equation of motion for the first-order
coefficients reads
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d 1 1 _
ARDD=-SKADMD -5 X expliogh kAR

v#FU
(D4)
This equation is simply integrateldby taking into account
A(0)=0]. If the first and zero-order solution for the ex-
pansion coefficientd,,, is inserted into expressioil6) and

a linearization with respect ti,;-is carried out, one obtains
[note the assumption of real initial valuég,(0)]

+kv)
t

2

1

Pe(t) = 2_ Aev(o)Ae;(o)eXF{ - kU

Sin(w,t
511 v (1 - 51) ,?) n(wL_) kvv) .

vv

X (D5)

Noting that it is Eq.(20) which determines the vibrational
part of the integral kerndlEq. (18)], one arrives at

kvv__% <Xev|XiM><XiM|Xev_>‘]ec(8ec+ wv_,u)' (D6)
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