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Laser
	

-pulse guided ultrafast electrontransfer 
 ET
� �

is


studiedtheoreticallyfor different types of
donor
�

–acceptorsystems.The pulseinitiatesan optical transitionfrom the electronicgroundstate
into an excitedstateandcontrolsthe ET. The computationsconcentrateon systemswhere � a� � the

�
excited� state � donor

� �
is


coupledto an acceptorlevel andwhere � b� � the
�

ET proceedsasan internal
conversion� from theexcitedstateto thegroundstate.For bothexamplesthemanifoldof vibrational
coordinates� is mappedon a singlereactioncoordinatecoupledto a dissipativereservoirof further
coordinates.� Utilizing the methodsof dissipativequantumdynamicscombinedwith the optimal
control� � OC

� �
scheme,� it is demonstratedthat control fields really exist which drive the ET in the

required� manner. Variouspropertiesof theOC algorithmarediscussedwhenappliedto dissipative
dynamics
�

and a schemeis proposedto avoid pinning in a local extremum. © 2002 American
Institute of Physics. � DOI: 10.1063/1.1481856 

I. INTRODUCTION

The
!

proposalof laser-pulsecontrolof moleculardynam-
ics datesbackto themiddleof theeightiesandhasits origin
in moreor lesscompletelytheoreticalconsiderations.A com-
prehensive" overview on all attemptsdiscussedso far has
been
�

givenrecentlyin Ref.1. Originally suggestedasseveral
dif
�

ferentapproacheslike thepioneeringTannor, Kosloff, and
Ricescheme2

#
or$ thecoherentcontrol schemeof Brumerand

Shapiro,
% 3

&
the
�

theoryof laser-pulsecontrolhasbeenput into a
universal' frameby Rabitzin suggestingtheso-calledoptimal
control� ( OC

� )
theory
�

.4,5
*

The OC theory is basedon a certain
functionalwhich extremumhasto befound.Oncethis extre-
mum+ has beencalculated,the shapeis known of the laser
pulse" which drives the systemin the desiredmanner. The
functionalconsistsof theexpectationvalueof theobservable
one$ wants to maximize,e.g., the populationof a particular
state,� and a constraintwhich restrictsthe pulseenergy to a
finite value.Originally, the OC theory hasbeenformulated
for gas-phasesystems,which dynamicsaregovernedby the
time-dependent
�

Schrödinger
�

equation.4,5 A
,

formulation for
mixed+ statescouldbealreadyachievedin Ref. 6. Theexten-
sion� to reducedstatedynamicsof an openquantumsystem
hasbeengivenin Ref. 7, andrecentlyin Ref. 8 by extending
the
�

efficient iterationschemeof Refs.9 and10.
Meanwhile,
-

experiments on femtosecondlaser-pulse
control� of moleculardynamicsbecamea subjectof active
physicochemical" research.11–14 Most of the work has been
concentrated� on the central idea of controlling chemicalre-
actions� resultingin a destructionor formation of a selected
chemical� bond. And indeed, a number of promising ex-
amples� alreadyexistsevenin the condensedphase.15 While

.
direct
�

strategiesto achievethe control goal have beenap-
plied" in an earlier stateof this research,1 it was an experi-

mental breakthroughto use highly flexible optical pulse-
shaping� systemscombinedwith self-learningalgorithmsas
suggested� in Ref. 16.

Although this type of approachfound a widespreadex-
perimental" application,the useof self-learningalgorithm in
theory
�

would remainon a preliminarylevel. This is because
of$ theenormousamountof computationaltime necessaryfor
carrying� out the multitudeof dynamicpropagations.Conse-
quently/ , it is muchmoreappropriateto apply the OC theory
whenever0 a control experimenthas to be simulated.This
conclusion� leads to the problem of different experimental
and� theoreticalconstraintsinfluencingthe searchfor the op-
timal
�

laserpulse.Therefore,the task for the theory is two-
fold. It hasto solvethecontrol taskandit hasto proveif the
obtained$ pulsereally fits the constraintspresentin the par-
ticular
�

experiment.On the one-handside one can try to in-
clude� into the simulationsthe experimentalconditionslike
the
�

laserfield spatialprofile,17 or$ the limited spectralwidth
of$ the experimentalpulses.Or alternatively, one can solve
the
�

control taskwithout any experimentalconstraintand,af-
terwards,
�

askto what extentthe pulsecanbe realizedin the
experiment.� 18

In
1

the presentpaperwe will follow the latter strategyin
searching� for a solutionof the control taskby meansof the
OC
�

theory. In doingsowe expectto geta generalimpression
on$ the way the control of our particular molecularsystem
becomes
�

possible.In which mannerone has to discussthe
realization� in an experimentis explainedin Ref. 18 andwill
not be repeatedhere. The concretetype of dynamics, in
which0 controlshouldbestudiedin thefollowing is relatedto
ultrafast' electrontransfer 2 ET

� 3
reactions� in donor–acceptor4

DA 5 systems.� Thereis a certainamountof theoreticallitera-
ture
�

on the externalfield control of ET.19–25 Thesestudies,
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however
7

, do not deal with photoinducedET reactionsbut
with0 a type of external field control characterizedby the
action� of a high-frequencyelectricfield which modulatesthe
ener� getic distancebetweenthe donorandthe acceptorlevel.
In
1

contrast,the following studiesare aimedto demonstrate
the
�

control of ET reactionsby fields in the optical region.
Theenergy level schemeswe havein mind areshownin Fig.
1. A ground-statepotential-energy surface 8 PES

9 :
is


coupled
to
�

anexcitedstatePESby anopticalexcitation.This excited
state� PESmay coupleto a further ; acceptor� < PES = model I >
or$ via aninternalconversionprocessto thegroundstatePES?
model+ II @ . In any casethe coupling lets the electronmove

away� from the initially populatedstate.To control this mo-
tion
�

by meansof theexcitingpulse,thecouplingto thefinal
state� PESshouldbe strongenoughto introducea sufficient
lar
A

ge level mixing. This indicatesthat the reactionshouldbe
beyond
�

the nonadiabatictype of ET andshouldbe ultrafast,
i.e., in the subpicosecondtime domain.

A preliminarydiscussionof laser-pulsecontrolof ET has
been
�

alreadygiven in Ref. 26. Here we generalizethe dis-
cussion� to includevibrationalenergy dissipation.A common
approach� to do this is to accountfor the coupling of the
active� B reaction� C coordinates� to a reservoirof passivevibra-
tional
�

coordinatesD see� e.g.,Refs.27–29 andthevariouscon-
tributions
�

in Ref. 30E . In this manneroneincludesfrictional
ef� fectsactingon thereactioncoordinateandtheET hasto be
described
�

in theframeworkof dissipativequantumdynamicsF
density
�

matrix theory29,31–34G .
As a potentialcandidatefor realizinglaser-pulsecontrol

of$ ET, we mentionheretheperylenemoleculeattachedto the
surface� of thesemiconductorTiO2

# . For this systemheteroge-
neousH ET I into


the semiconductorJ which0 proceedson a 100

fs time scalehasbeenobserved,35,36
&

and� can be well simu-
lated in modelswhich will be usedhere,too.3

&
7–39 Although

we0 havesucha systemin mind, the presentstudiesconcen-
trate
�

on the modelsgiven in Fig. 1. The discussionof more
involved models, including the continuum of PES, which
refer to the bandstatesof the semiconductor, is underwork.

II.
K

ULTRAFAST ELECTRON TRANSFER DYNAMICS

A. The electron transfer model

A commonmodel for the descriptionof ultrafastphoto-
induced


ET is given by a set of electroniclevels which are

defined
�

versus a small set of vibrational L reactionM
coordinates.� 29

#
The schemesof PESwhich will be of interest

in


the following are shown in Fig. 1. Often it suffices to
consider� a single vibrational coordinateor two coordinates.
But in anycaseto accountfor energy dissipationanddephas-
ing, a coupling to passivevibrationalcoordinatesforming a
thermal
�

reservoirbecomesnecessary. The respectiveHamil-
tonian
�

H
N

S
O P describing

�
the active system S

Q
of$ electron-

vibrationalR degreesof freedomS includesthe molecularpart
HmolT and� the coupling to the externalfield HF

U (
V
tW )X . The first

contribution� will be written as

Hmol Y Z
a[ ,b
\ ]_^ a[ ,b

\ Ha[ `ba 1 cbd a[ ,b
\ e Vab[ fhgji a[ kjlnm b

\ o . p 1q
For
r

thePESschemeI of Fig. 1 theelectronicquantumnum-
ber
�

as comprises� the ground-statecontributionas t gu as� well
as� the donorandacceptoras v D,w A. The couplingmatrix el-
ements� Vab[ only$ concernthedonorandtheacceptor. In con-
trast,
�

as is


reducedto the ground-statecontributionas x gu and�
the
�

single excitedstatecontributionas y ez for schemeII of
Fig. 1, andthe couplingVeg{ is responsiblefor internalcon-
version.R All vibrationalHamiltonianH

N
a[ are� written with di-

mensionless+ vibrationalcoordinatesQ
| }�~

Q
|

j
� �

Ha[ � Tvib� � Ua[� 0� �����
j
�

���
j
�

4 � Q| j
� � Q

|
j
� � a[ ��� 2. � 2�

The minima andthe mutualdisplacementsof the respective
PEsaredenotedby Ua[(0)

�
and� Q

|
j
� (� a[ )
�
,w respectively. Any single

coordinate� Q
|

j
� can� be expressedby harmonicoscillator op-

erators� C j
� and� C j

� � according� to Q
|

j
� � C j

� � C j
� � . Respective

vibrationalR eigenfunctionsz of$ theHamiltonianH
N

a[ read� ���
aM[  

where0 M
¡

denotes
�

the set of vibrational quantumnumbers.
Consequently
¢

, the complete electron-vibrationalstatesare
given£ by ¤�¥ aM[ ¦¨§j© a[ ª . For modelI we alsointroducetheadia-
batic
�

states«¬¯®±° which0 diagonalizethe electron-vibrational
states� of the donor–acceptorsystem

²³¯´±µ·¶¹¸
aM[ A

º »±¼
aMs ½h¾�¿

aM[ ÀÂÁjÃ a[ Ä . Å 3Æ Ç
Theexternalfield partof thesystemHamiltonianHS

O is given
by
�

HF È tW ÉËÊÍÌ E Î tW Ï_Ð ˆ . Ñ 4Ò
The
!

dipole operatorreadsÓ ˆ Ô d
Õ

ag[ Öj× a[ ØÚÙÜÛ gÝ Þàß h.c.,
7 á

5
â ã

where0 thequantumnumberas of$ thetransitiondipolemoment
refersto D ä model I å or$ to ez æ model II ç . In any cased

Õ
ag[ is

taken
�

to be independenton the Q
|

j
� è Condon
¢

approximationé .
The
!

field is assumedto belinearly polarizedbut remainsfree
otherwise.$

The model is completedby a coupling of the set Q
|

of$
active� coordinates to remaining passive vibrational
coordinates.� 29,30 These

!
coordinatesare denotedby Z

ê ë�ì
Z
ê íïî

and� actasa dissipativereservoir. Theymaybelongto theET
system� completelyor to a surroundingsolvent.The respec-
tive
�

coupling Hamiltonian if expandedwith respectto the
electronic� statesreadsH

N
S
ð ñ

R òôó a[ ,b
\ Wab[ (

V
Q
|

,w Zê )
X õjö

a[ ÷ÚøÜù b
\ ú . For

FIG.
û

1. PESof the studiedmodel systems.ET model I: a donor–acceptor
systemtypical for photoinducedET. ET-model II: a systemshowingET in
the
ü

inverted regime after photoinducedcharge separationinto an excited
state.The electronictransfercoupling ý nonadiabaticcouplingþ andthe opti-
cal transitionare indicatedby horizontalandvertical arrows,respectively.
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the
�

following it sufficesto considerthe diagonalcontribu-
tions
�

only. Furthermore,we assumethatWa[ (V Q| ,w Z)
X

factorizes
into


a systemand a reservoirpart. Therefore,H
N

S
ð �

R
� reads�

similar� to the multiple factorizedansatzs of$ dissipativequan-
tum
�

dynamics
�
see,� e.g.,Ref. 29�

H
N

S
ð �

R
� ���

a[ � a[ 	 a[ . 
 6� �
The part

a[ � K
�

a[ � Q| ����� a[ ����� a[ � ,w � 7� �
is exclusively defined in the state spaceof active system
states,� and

�
a[ � Zê  "!$#&%(' k

) *,+
as - Zê . ,w / 80 1

is definedin the reservoirstatespace.For the presentpur-
poses" it sufficesto takeanexpressionlinearizedwith respect
to
�

the reservoircoordinates.

B. Reduced density matrix description of electron
transfer
2

Since
%

laser-pulse control of ET reactionswill be de-
scribed� in the framework of dissipative quantum
dynamics
� 29,31–34 one$ hasto definethereduceddensityopera-
tor
�

3ˆ 4 tW 5"6 tr
�

R
� 7 Ŵ 8 tW 9;: . < 9= >

This
!

quantity is obtainedfrom the completenonequilibrium
statistical� operatorŴ(

V
tW )X via a traceoperationrestrictedto the

reservoirstates.The time evolution of the reduceddensity
operator$ is governedby a respectivetime evolutionsuperop-
erator� which actsaccordingto

?ˆ @ tW A"B$CED tW ,w tW 0� ;EFHGˆ I tW 0� J ,w K 10L

where0 its E-dependencehas been separatelyindicated to
show� that the electricfield strengthhasbeenincorporatedin
the
�

densityoperatorequation.
Changing
¢

to theelectronvibrationalstaterepresentation,
the
�

densitymatrix follows accordingto

M
aM[ ,bN

\ N tW O"PRQ�S aM[ T UWV a[ XZYˆ [ tW \^]�_ b
\ `HaZb

bN
\ c . d 11e

As
,

explainedin moredetail in AppendixA thedensitymatrix
obeys$ the following equation-of-motion:

ff
tW g aM[ ,bN

\ h tW i"jlknm aM[ ,bN
\ o

aM[ ,bN
\ p tW q"r i

stvu
cKw x Vac[ y^z aM[ {Z| cKw },~ cKw ,bN

\ � tW �"� Vcbw �^� cKw �Z� bN
\ �,�

aM[ cK � tW �(�
�R���

aM[ � �W� a[ � ���ˆ � tW �^��� b
\ �H�Z�

bN
\ �H� i

s� E
� �

tW  ¢¡
cKw £ dÕ ac[ ¤^¥ aM[ ¦Z§ cKw ¨;© cKw ,bN

\ ª tW «"¬ d
Õ

cbw ^® ckw ¯Z° bN
\ ±,²

aM[ cK ³ tW ´(´ . µ 12¶

Here,
·

the actionof the vibrationalHamiltonianH
N

a[ has
7

been
translated
�

to the presenceof electron-vibrationalenergies
EaM[ ¸$¹»º aM[ ¼ transition

�
frequenciesaredenotedas ½ aM[ ,bN

\ ¾ .
Those
!

terms which describethe transferbetweendifferent
electronic� levels ¿ proportional" to Vab[ and� d

Õ
ab[ À cover�

Franck–Condonoverlapintegrals.A detailedexpressionfor
the
�

dissipativepart Á electron-vibrational� matrix elementsofÂ�Ã
ˆ ,w where Ä denotes

�
the dissipativesuperoperatorÅ is


given

in AppendixA. Whencalculatingthesematrix elements,an
additional� difficulty arises.It is causedby the fact that the
states� Æ�Ç

a[ ÈHÉZÊ aM[ Ë do
�

not representeigenstatesz of$ the related
molecularHamiltonian Ì modelI Í ; as well theydo not depend
on$ the appliedfield Î model I andII Ï . Thereforea direct cal-
culation� of thedissipativepartbecomesimpossiblesincethe
substructure� of the dissipativesuperoperatorÐ contains� the
time-evolution
�

operatorsUS
ð (V tW ,w tW 0� ;E)

X
formedby thecompleteÑ

system� HamiltonianH
N

S
ð . First, let usaccountfor theelectric

field-strength
Ò

dependenceof US
ð . Fortunately, it could be

shown� in Ref. 40 that theresultinglaserpulsemodulationof
vibrationalR lifetimes anddephasingratesonly becomespre-
dominant
�

at a really high field strength.For thoseusedin the

following,
Ó

we can neglectthe effect. Oncethe field depen-
dence
�

of US
O has beenremoved,it remainsthe problem to

formulate Ô for model I Õ the
�

actionof US
ð in the diabaticrep-

resentation.� This is achievedin changingto the adiabatic
states,� Eq. Ö 3Æ × ,w which diagonalizeUS

O . In this mannerwe do
not involve the so-calleddiabatic damping approximationØ
where0 thedependenceof thedissipationrateson thedonor–

acceptor� coupling is neglectedÙ since� under certain condi-
tions
�

it may leadto completelywrong results.41,42

III.
K

OPTIMAL CONTROL SCHEME FOR DISSIPATIVE
MOLECULAR
Ú

DYNAMICS

For the presentpurposesit sufficesto choosethe tradi-
tional
�

formulation of a control task, i.e., to find the laser
pulse" which completelydrivesthesystemfrom aninitial into
a� final stateat a certain time tW f

Û .1 The only deviation from
this
�

standardschemeis the considerationof an opensystem
where0 energy dissipationanddephasingmay counteractthe
control� field.

As it is well knownOC theoryis basedon the introduc-
tion
�

of a particularfunctionalof the laserfield. Its extremum

638 J. Chem. Phys., Vol. 117, No. 2, 8 July 2002 Mančal, Kleinekathöfer, and May



defines
�

the so-calledoptimalÜ pulse which0 solvesthe control
task.
�

In thepresentcaseof thecontrolof dissipativedynam-
ics


it is given as6
Ý

J
Þ ß

tW f
Û ;Eà"á O

â ã
tW f
Û ;Eä"å 1

2 t
æ
0
ç
tæ fè

dt
é êìë

tW í E2
# î

tW ï . ð 13ñ
The
!

expectationvalueof theobservablespecifiedby the tar-
get£ operatorO

â ˆ at� time tW f
Û reads� ò noteH the restrictionof the

trace
�

formula to the activesystemstatespaceó :
O
â ô

tW f
Û õ"ö tr

�
S
O ÷ Oâ ˆ øˆ ù tW f

Û ú;û . ü 14ý
The
!

secondterm on the right-handsideof Eq. þ 13ÿ guaran-£
tees
�

anupperlimitation of thefield intensity. � To let thefield
smoothly� switch on andoff the penaltyfactor � (

V
tW )X hasbeen

taken
�

astime-dependent.43
* �

The
!

extremumof the control functional Eq. � 13� is


ob-
tained
�

in settingthe functionalderivativewith respectto the
field strengthequalto zero.Sucha calculationhasbeendem-
onstrated$ elsewhere44 and� resultsin the following functional
equation� in which thesolutiondeterminestheoptimalpulse:

E
� �

tW ��� K
	 


tW f
Û ,w tW ;E� ���

tW � . � 15�
The so-called� vectorialR � control� kernel reads

K
	 �

tW f
Û ,w tW ;E� ��� i

s� tr
�

S
ð � O
â ˆ ��� tW f

Û ,w tW ;E� ��� � ˆ ,w !�" tW ,w tW 0� ;E
� #%$

ˆ & tW 0� '('�)+* .,
16-

It
1

is obtainedby propagatingfirst the reduceddensityopera-
tor
� .

under' the presenceof the externalfield/ from
Ó

the initial
time
�

tW 0� up' to an intermediatetime tW 0 tW f
Û . Then, it becomes

necessaryto calculatea commutatordefinedvia the dipole
operator$ . Afterwards,the result hasto be propagatedfrom tW
to
�

the final time tW f
Û where0 the operatorO

â ˆ acts.�
T
!
o solveEq. 1 152 a� certainiterationprocedurehasto be

applied.� We will usethe schemesuggestedin Ref. 8 where
an� auxiliary densityoperator3 ˆ is introducedwhich hasto be
propagated" back in time. Accordingly the control kernel is
rewritten� as

K
� 4

tW f
Û ,w tW ;E� 5�6 i

s7 tr
�

S
ð 8�9 ˆ : tW ;E� ;�< =

ˆ ,w >ˆ ? tW ;E� @(@�ACB
,w D 17E

where0 the operatorat the left part of the traceis given as

F ˆ G tW ;EH�IKJ˜ L tW f
Û ,w tW ;EM O

â ˆ . N 18O
It
1

comprisesa reversepropagationfrom thefinal time tW f
Û back
�

to
�

the intermediatetime tW starting� with O
â ˆ at� tW P tW f

Û . Note that
the
�

time propagationsuperoperatorQ˜ basically
�

deviatesfrom
that
�

introducedin Eq. R 10SUT see� AppendixB andthe discus-
sion� in Ref.26V . Theseparatepropagationat W ˆ and� Xˆ leads

A
to

a� fastconverging iterationprocedurebasedon nonlinearden-
sity� matrix equations.8 They follow if the direct appearance
of$ the control field E

�
viaR the field term is removedin the

equations� for Yˆ and� Z ˆ . Sucha replacementbecomespossible
in using Eq. [ 15\ and� the expression] 17̂ for the control
kernel _ for moredetailscompareRef. 26̀ .

IV
K

. DISCUSSION OF DIFFERENT CONTROL
SCENARIOS
a

The numericalcomputationspresentedbelow try to at-
tain
�

the following two goals.First, the applicability of the
OC
�

algorithmfor thecaseof dissipativedynamicsshouldbe
discussed
�

in detail.Second,the ideaof laserpulsecontrolof
ET reactionsshouldbeillustratedfor differenttypesof trans-
fer
Ó

reactionsproceedingin different typesof systems.
The
!

two ET modelschosenfor our studieshave been
already� introducedin Sec. II A. The respectivesystempa-
rametersaregiven in TablesI andII. TheET modelI which
represents� the simplestversionof a donor–acceptorsystem
showing� photoinducedultrafastET45 hasbeenspecifiedby
two
�

different setsof parameters:model I-1 with vibrational
levels
A

of the donor and the acceptor in a complete off-
resonant� position,andmodel I-2 with theselevels in nearly
resonantposition.The ET model II refersto the S

Q
1 b S

Q
0
� in-

ternal
�

conversionprocessobservedin the photoinduceddy-
namicsH of betaine-30 c the

�
parametersare taken from Ref.

46
d e

. Note that for all setsof parameters,andevenin thecase
of$ room temperatureconditions,the equilibrium population
of$ the vibrational levelsgiving the initial stateis almostex-
clusively� restrictedto the vibrational groundstate.To have
some� referencecasesat hand,we start the discussionin ne-
glecting£ dissipations.Afterwards,detailsof the influenceof
dissipation
�

on ET laserpulsecontrol arediscussed.

A.
f

Absence of dissipation g ET Model Ih
While
.

neglectingtheinfluenceof a thermalenvironment,
we0 canexaminesomegeneralfeaturesof laserpulsecontrol
of$ ET. In particularwe will concentrateon thecontrollability
of$ the ET in dependenceof the control pulse length. It is
obvious$ that ET spontaneouslyproceedsbetweenthe donor
and� the acceptorof the type-I modelsif an i initial

 j
electron-�

vibrationalR statehasbeenpreparedin the donorPES k prob-"
ably� after laserexcitationl . And it dependson the degreeof
dissipation
�

if the electronremainsat the acceptorafter the
ET
�

took placeor if it movesdifferent times back and forth
between
�

thedonorandtheacceptor. In bothcasestheET can

TABLE I. Parametersof thesingle-modeversionof theET modelsA-1 and
A-2 introducedin Sec. II A. The transfer integralsamongthe three PES
responsiblem for the ET havebeentakenas VDB

n o VBA
p q 0.03 eV, and VDA

nr 0. The transitiondipol momentd
s

Dg hasbeensetequalto 12 D.

mt A-1
u v

Umw(0)
x y

Ugz(0)
x

A-2
u {

Umw(0)
x |

Ugz(0)
x }C~

vib� Q (
x
mw )
�

g� 0 0 0.1 eV 0
D
�

2 eV 2 eV 0.1 eV 3.2
A
�

1.85eV 1.891eV 0.1 eV 7.0

TABLE II. Parametersof thesingle-modeversionof theET modelB intro-
ducedin Sec.II A. The transferintegralsamongthe threePESresponsible
for the ET have beentaken as Vgez � Veg� � 0.31 eV. The transition dipol
momentd

s
eg� hasbeensetequalto 5.3 D.

mt Umw(0)
x �

Ugz(0)
x �+�

vib� Q (
x
mw )
�

g� 0 0.223eV 0
D 1.305eV 0.223eV � 2.483
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be
�

controlledby a particularshapingof the initial electron-
vibrationalR wave packet.For weak dissipationa continuous
formation
Ó

of the electron-vibrationalwave packet through
the
�

Franck–Condonwindow of the optical transitionwould
control� the ET. And in any casethe target time tW f

Û at� which
the
�

electronshouldarrive at the target statemustbe compa-
rable� or longerthanthe time tW ET

� the
�

electronneedsto reach
the
�

acceptorwithout an externalfield influence.If tW f
Û � tW ET

and� if dissipationis weakenoughor completelyabsent,the
laser
A

pulse may act within different cycles of the electron
motion+ betweenthe donorandthe acceptor.

Figure2 demonstratesthat for tW f
Û � tW ET the

�
OC yield can

be
�

increasedif the numberof the forth andbackmotion of
the
�

electron,i.e., if tW f
Û is


increased.Note,that thefirst excited
vibrationalR state ��� A �%��� A1 � at� the acceptorPES has been
taken
�

asthe target state.Besidesthe structureof the optimal
pulse," Fig. 2 alsoshowstheyield of thelaserpulsecontrol in
dependence
�

on the numberof iteration stepswithin the OC
algorithm.� Here and in the following yield � control� effi-
ciency� � is givenby O

â
(
V
tW f
Û )X , Eq. � 14� ,w i.e., thedegreeto which

the
�

control taskhasbeensolved.The OC algorithmleadsto
a� fast convergencyinto regionswheremorethan90%of the
final value of O

â
(
V
tW f
Û )X havebeenrealized.This behaviormay

indicatethat the choseniterative proceduredrives the solu-
tion
�

of theoptimizationprobleminto a local minimum.If the
‘‘surrounding’’ of the local minimum is reachedthe conver-
gency£ becomesweak.Furthermore,we emphasizethestrong
dependence
�

of thecontrolyield on detailsof thecontrol task,
here
7

in particularon thechosentarget time.A similar depen-
dence
�

on the targetstatecouldalsobeobservedwithin other
control� tasks � see� e.g.,Ref. 18� . This indicatesthat, besides
the
�

specificity of the molecularsystems,also detailsof the
control� task can strongly affect the completenessby which
the
�

taskmaybesolvedby OC theory. We considerthis asan
additional� hint for thepropertyof the takeniterationscheme
to
�

fast reacha local minimum � Sec.
%

IV D presentsa further
discussion
�

on this problem� .

B. Inclusion of vibrational relaxation � ET Model I 
In thepresentsectionwe will studytheway thepresence

of$ a thermalenvironmentmay influencethe laserpulsecon-
trol
�

of thoseET reactionsdiscussedin theprecedingsection.
Therefore,ET model I and the target state ¡�¢ A £%¤�¥ A1 ¦ are�
considered.� But dueto theactionof thethermalenvironment
all� electron-vibrationalstatesare characterizedby a finite
lifetime. In particular, the target statemay decay into the
acceptor� vibrational ground state.To get an impressionon
the
�

influenceof dissipationon the controllability of the ET
reaction� thecouplingstrength,i.e., themagnitudeof thebath
spectral� densityJ

Þ
(
V §

)
X ¨

see� AppendixA © will0 be varied.
Beforegiving a detailedanalysisof the control task,we

FIG. 2. Laserpulsecontrol of ET for
model I in the absenceof dissipationª
systemparametersaccordingto Table

I part 2, target state: « ¬ A (® ¯ A1° ). The
optimal pulse is shown for control
tasks
ü

which differ with respectto their
tar
ü

get time t f
± . Panel a: t f

± ² 200 fs,
panel³ b: t f

± ´ 400
µ

fs, panel c: t f
± ¶ 600

fs, panel d: t f
± · 800 fs. The conver-

gencybehaviorof theOC algorithmis
shownin panele.

FIG.
û

3. ET control efficiency for model I-2 in dependenceon the inverse
lifetime of thetargetvibronic statȩ systemparametersaccordingto TableI ¹ .
Curvesfor differentvaluesof thepenaltyfactor º , Eq. » 13¼ aredrawn.Filled
squares:½¿¾ 1, filled circles: À¿Á 1/5, andfilled diamonds:Â¿Ã 1/20.For com-
parison³ the efficiency is shownwhich is achievedin applying the optimal
pulse³ valid for the absenceof dissipation Ä opencirclesÅ . Æ Ç in

È
units of cm2

É
V
Ê Ë 2 sÌ .
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try
�

to characterizethegeneralimportanceof laser-pulsecon-
trol
�

at the presenceof dissipation.Usually the counterpro-
ductive
�

influenceof dissipationis emphasizedwhile trying to
control� moleculardynamics.Figure 3 put this into a more
quantitative/ frame. There we have drawn the control effi-
ciency� O

â
(
V
tW f
Û )X versusthe strengthof dissipationrepresented

by
�

an increasingdecayrate of the target state Í decreasing
�

vibrationalR lifetime Î A
Ï

1 of$ thefirst excitedvibrationalstateat
the
�

acceptorÐ . To distinguish betweendifferent laser-pulse
intensities,the penalty factor Ñ has been varied, too. All
these
�

curves have to be comparedwith a curve which is
obtained$ without applying the OC theoryat the presenceof
dissipation.
�

What hasbeenonly done to get this reference
curve� is to takethe pulsewhich solvesthe OC theoryin the
absence� of dissipationandto calculatethe control efficiency

O
â

(
V
tW f
Û )X while increasingdissipation.As canbeseenfrom Fig.

3,
Æ

the applicationof the OC theoryat the presenceof dissi-
pation" maydrasticallyincreasethecontrolefficiency, in par-
ticular
�

for an intermediateinfluenceof vibrationalrelaxation
and� the largestappliedlaser-pulseintensities.If a generali-
zationto othertypesof molecularsystemsmight bepossible,
the
�

promisingresultcanbestatedthat laser-pulsecontrol for
condensed� phase situations would really make senseal-
though
�

the given control taskcannotbe solvedcompletely.
T
!
o getmoreinsight into theconvergencybehaviorof the

OC
�

algorithm,we proceedasin Fig. 2 andshowin Fig. 4 the
control� yield O

â
(
V
tW f
Û )X in its dependenceon thenumberof itera-

tion
�

steps.And, indeed,the dissipationlesscaseshowsthe
same� rapid convergencyas it could be alreadyobservedin
Fig.
r

2. In contrast,the presenceof dissipationresults in a
somewhat� slowerconvergencywhich behavesunpredictably
and� even nonmonotonously. And, more iteration stepsbe-
come� necessary. But in anycase,morethan90%of thefinal
yieldÒ is achievedwithin about50 iterationstepsÓ except� the
curve� with a secondthresholdat about170stepsÔ . According
to
�

our observations,this seemsto be a universalpropertyof
the
�

usediteration procedure,again indicating that the solu-
tion
�

of the OC problemmay be lockedin a local minimum.
Any computationmentionedso far leavesa correspond-

ing


optimal laserfield. Thoserelatedto the calculationsof
Fig. 3 havebeendisplayedin Fig. 5. In the absenceof dis-
sipation� an almost 100% population of the target state is
achieved.� The laser field extendsover the whole interval
(
V
tW 0� ,w tW f

Û )X havingenoughtime to adjustthewave-packetmotion
over$ the exited PESin order to populatethe desiredtarget
state� at thegiventime. If dissipationstartsto act,we observe
a� concentrationof the control field to larger times and a
change� of somefeatures.Thelatterbehavioris causedby the
reducedwave-packetmotionwhenincreasingthestrengthof
dissipation.
�

The
!

time evolutionof theelectronicandvibrationalstate
populations" relatedto the laser pulsesgiven in Fig. 5 are
shown� in Fig. 6. If dissipationis absent,oneobservesa pe-
riodic� motion of the populationbetweenthe donor and ac-

FIG. 4. ET controlefficiencyfor model I-1 in dependenceon thenumberof
iterationstepstakento solve the OC equationsÕ systemparametersaccord-
ing to Table I Ö . Curvesfor different inverselifetimes of the vibronic target
state are shown. Filled diamonds:1/ × sØ Ù 0, empty triangles: 1/ Ú sØ Û 1.45Ü

10Ý 3
Þ
/fs,
ß

filled circles: 1/ à sØ á 2.9â 10ã 3
Þ
/fs,
ß

empty squares:1/ ä sØ å 7.25æ
10ç 3

Þ
/fs,
ß

filled triangles: 1/ è sØ é 1.01ê 10ë 2
É
/fs,
ß

and empty circles: 1/ ì sØí 1.45î 10ï 2/fs.
ß

Insert:Final control yield asa function of the target state
inverse
È

vibrational lifetime.

FIG.
û

5. Laser pulse control of ET for the model I-2ð
systemparametersaccordingto Table I ñ . The optimal

pulse³ is shownfor control taskswhich differ with re-
spectto the lifetime of the targetstate.Panela: isolated
system,panelb: smalldissipation,andpanelc: medium
dissipation.
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ceptor� level.After two periodsof this motionanalmostcom-
plete" population is achieved of the excited state PES,
exhibiting� at somepointsnearly100%populationof the do-
norH excitedlevel, but only about80% populationof the de-
sired� acceptorstate.From the correspondingpart of Fig. 6
displaying
�

vibrationalpopulationswe seethatwithin the tar-
get£ electronicstate,the whole populationis alreadyconcen-
trated
�

on the target vibronic level. Finally, we notice the
action� of thepulseneartheendof thecontrol intervalwhich
removesthe part of the wave packettrappedin the donor
level
A

and achievesthe complete population of the target
state.� This is a behavior characteristicfor the completely
coherent� motionof thesystem.Speciallyshapedwavepack-
ets� are iteratively improvedwhile they move coherentlyon
the
�

excitedPES.
In
1

Figs.6ò b� ó and� 6ô c� õ ,w the populationsareshownfor an
increasingstrengthof dissipation.Due to the loss of coher-
ence,� the algorithmcannotrely on iterative improvementof
the
�

wave packet.Instead,the action of the laserpulsecon-
centrates� to latertimesto avoidthedepopulationof thetarget
level. In the caseof mediumdissipation ö Fig. 6÷ b� ø�ù the

�
ex-

cited� donor level is populatedfirst aroundtW ú 200
û

fs. And in
contrast� to the dissipationlesscase where population has
been
�

directly transferredinto the target vibronic level, now
population" is also transferredinto two levels positioned
above� the target level ü here

7
the first excited vibrational

level
A ý

. According to the vibrational relaxationthesehigher-
lying levelsarelater depopulatedinto the target stateandin
this
�

way they contributeto its population.
W
.

e may alsonotethat the populationof the target level
still� preservessomeoscillatoryfeaturesfrom thedissipation-
lesscase.However, thesetracesof thecoherentdynamicsare
lost if dissipationis further increasedandthe OC algorithm
avoids� earlier excitationscompletely. The whole population
is


transferredinto the target state during the last 200 fs.
Looking at the vibronic populations,it can be again con-

cluded� thata substantialportionof thetargetstatepopulation
comes� from the decayof higher-lying vibrational levels.So
our$ generalobservationis, that the OC algorithm finds an
alternative� route to solve the control problem when the
strength� of dissipationincreases.Dueto this fact theoptimal
field computedfor the absenceof dissipation,althoughhav-
ing


higherpulseenergy, fails to guidethedissipativedynam-
ics
 þ

cf.� Fig. 3ÿ .
It is of someinterestto comparethe result of the OC

calculations� with the dynamicsfree of any externalcontrol
following
Ó

an ultra-shortlaserpulseexcitation � compare� Fig.
7
�

with Fig. 6� . We immediatelynoticesignificantdifferences
in the dynamicsof the dissipationlesscasealreadyfound in
Ref. 26. Due to the lack of dissipation,ET proceedscoher-
ently� with comparatively low population of the acceptor
level,
A

wheremainly higherexcitedvibronic levelsarepopu-
lated � Fig. 7� a� � ,w right� . The populationof the target vibronic
state� is negligible.With increasingdissipationthe dynamics
in


both casesbecomesmoresimilar for the electronicpopu-
lations.The vibronic populations,however, show still signs
of$ the coherentmotion in the control case,in contrastto the
case� without a controlfield. Themaximumpopulationof the
tar
�

get level achievedaroundthe middle of the studiedtime
window0 � about� 25%� is smaller than that achievedif the
laser-pulsecontrolhasbeencarriedout � morethan35%	 . For
higher
7

coupling strengthsto the environment the results
without0 a control field and in the presenceof such a field
become
�

almostidentical,exceptfor theshift to later timesin
the
�

caseexternal-fieldcontrol.A shortlaserpulsepopulating
the
�

target statein the shortestpossibletime is close to the
optimum$ for this particularcase.

C.



Interplay of vibrational relaxation and internal
conversion� � ET Model II

In
1

this final sectionwe will considerET control using
model+ II which representsa minimal model for the internal

FIG. 6. Populationsof the electronic
states� left� andof the vibrational lev-
els in theacceptorstate � rightm � vs time
for theET modelI andfor theoptimal
pulses³ given in Fig. 5. Left part: elec-
tronic
ü

groundstate � thin
ü

full line� , ex-
cited donorstate � dashedline� , accep-
tor
ü

state � full line� . Right part:
acceptor vibrational ground state�
dashedline� , first excitedvibrational

state� tar
ü

getstate,full line� , secondex-
cited vibrational state � long dashed
line� , and third excited vibrational
state � dash-dottedline� .
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conversion� processobservedin betaine-30.In the language
of$ donor–acceptorET thechargemotiondescribedin model
II
1

correspondsto ET in theinvertedregion.Thefinal stateof
this
�

ET would be the vibrationalgroundstatein the S
Q

0
� -state

PES.However, to demonstratethe possibleET control we
chose� asa targetstatethethird excitedvibrationalstatein the
S
Q

1-statePES, i.e.,  "! e{ #%$'& e{ 3
& ( . This statehas beentaken to

have
7

a target somewhatsimilar to that of the foregoingsec-
tion,
�

andit would allow to discusslaser-pulsestabilizationof
an� excitedstateagainstinternalconversion.

Again
,

we startwith a discussionof the convergencebe-
havior of the OC algorithm what is displayedin Fig. 8. In
comparison� with ET modelI, Fig. 4, the convergenceseems

to
�

be rather fast, and alreadythe initial guessfor the laser
pulse" usedto initialize the iterativeOC algorithm ) a� simple
Gaussian-shaped
*

pulse+ reaches� a good result , see� Fig. 9- .
On
�

theotherhand,theoptimalfield obtainedwhenthe itera-
tion
�

has beenfinished differs substantiallyfrom the initial
guess£ and exhibits a rather complicatedtime dependence.
This is dueto thenonadiabaticcouplingbetweentheground
and� the excitedstate.Apparently, the OC algorithm tries to
compensate� the fastoscillationscausedby this coupling . see�
the
�

initial part of the electronicpopulationsgiven in Fig. 8/ .
W
.

e canalsoobserve,that theseoscillationsalmostdisappear
at� later times. Since theseoscillationshavea small ampli-
tude,
�

their compensationonly resultsin a small improvement
of$ thecontrolefficiencycomparedto theefficiencyachieved
with0 the initial guessfor the laserpulse.Noting the insert in
Fig. 8 we can statethat a similar reductionof the control
efficiency� is obtainedas for ET model I. And the optimal
pulse" shows a very similar tendencywith an increasing
strength� of dissipationto concentratesat later times and to
populate" the target statevia a depopulationof levels posi-
tioned
�

abovethe target level.
The laser-guideddynamicsobtainedfrom theOC theory

hasalsobeencomparedwith the dynamicsfollowing after a
short� excitation with a Gaussian-shapedpulse with pulse
width0 0

p1 2 20
û

fs, and positioned at the corresponding
Franck–Condonwindow. 3 This pulsehasalso beenusedas
the
�

guessfield to start the OC algorithm.4 The
!

calculation
demonstrates
�

that theapplicationof theOC theoryleadsto a
significant� enhancementof the yield comparedto that ob-
tained
�

by the 20 fs excitation.And, the calculationsalso
prove" that the laser-guideddynamicsexhibitsa ratherorga-
nized motion of the populationamongthe electroniclevels
which0 is in contrastto the motion one gets after the short
excitation.� 26

FIG. 7. Populationsof the electronic
states5 left6 andof the vibrational lev-
els in the acceptorstate 7 rightm 8 versus
time
ü

for the ET model I and for an
excitationwith 50 fs long Gaussianla-
ser pulse.Left part: electronicground
state 9 thin

ü
full line: , excited donor

state ; dashedline< , acceptorstate = full
line> . Right part: ? a@ vibrational states
with quantumnumbersN

A B
2 C full lineD

andN
A E

3 F dashedlineG , H bI J and K cL vi-
brational
I

statesasin Fig. 6.

FIG. 8. ET control efficiencyfor modelII in dependenceon the numberof
iterationsnecessaryto solvetheOC equationsM systemparametersaccording
to
ü

TableII N . Curvesfor differentinverselifetimesof thetargetvibronic state
are shown. Filled diamonds:1/ O sØ P 0, empty triangles: 1.45Q 4

R
/fs,
ß

filled
circles: 7.25S 10T 4/fs,

ß
empty square: 1.45U 3

Þ
/fs,
ß

filled triangles:
2.9V 10W 3

Þ
/fs,
ß

andempty circles:7.25X 10Y 3
Þ
/fs.
ß

Insert:control yield versus
the
ü

inverselifetime of the first excitedvibrational level.
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D. Acceleration of the OC algorithm convergency

As demonstratedin Fig. 4 the iteration algorithm for
solving� the OC theory may exhibit a fast convergenceto a
certain� valueof O

â
(
V
tW f
Û )X whereit remainsfor a comparatively

high numberof iterationsteps.Later, a fastconvergencyfol-
lows to a somewhatlarger value of O

â
(
V
tW f
Û )X . This behavior

indicates


that theOC algorithmhasonly founda local extre-
mum.+ We shortly explainhow to circumventsucha pinning
in a local extremum,and in this manner, how to accelerate
the
�

iterationprocedure.
The
!

idea here is to randomlyadd somefluctuationsto
the
�

controlfield duringthe iterativesolutionof theOC prob-
lem. Sucha procedureshouldcheckwhetheror not a local

optimum$ is occupied.Theeasiestway to introducesuchfluc-
tuations
�

which perturbtheOC algorithmis first to generatea
Gaussian
*

pulseof randomduration,intensity, frequencyand
position" in time,andsecond,to addthis pulseto theobtained
iterativeversionof the optimal pulse.

The resultsof our computationsfor ET model I-1 are
summarized� in Fig. 10. The fluctuationof the approximate
versionR of the optimal pulsehasbeenintroducedwithin 10
successive� iteration stepsstarting from the third iterationZ
full anddashedlines in Fig. 10[ and� the30th iteration \ dot

�
–

dashed
�

line in Fig. 4] ,w respectively. As it is obviousthe pro-
cedure� movesthesolutionof theOC problemawayfrom the
local extremum,and in all casesthe speedof convergency
hasbeensignificantlyenhancedascomparedto the ordinary
iterative


computations.Furthermore,the value for O
â

(
V
tW f
Û )X

reached� after about 150 iterationsis even higher than that
obtained$ after 300 iterationsfollowing the standardway. If
further
Ó

fluctuationsare appliedfor later iterationsa tempo-
rary� decreaseof the OC efficiency appears,but after a few
iterations the result continuesto converge to the original
value.R This showsthe stability of the extremum,which then
can� be more likely the global one.But the behaviorof the
standard� OC algorithmin this caseindicatesthat it alsocon-
verR gesto a global extremum.This indicatesthat the results
presented" in the foregoing sectionsremain valid, possibly
with0 a somewhatlarge value of O

â
(
V
tW f
Û )X . We believethat the

introduction


of random fluctuation into the ordinary OC
scheme� can be usedin generalto enhancethe convergency
and� to checkthe stability of the reachedextremum.Respec-
tive
�

work to designa generalschemeis underway.

V
^

. CONCLUSIONS

The presentpaperhasbeenaimedto give a consistent
theoretical
�

formulationof theoptimalcontrolproblemin the
presence" of excitationenergy dissipationaswell asdephas-
ing


andto apply this to different typesof ultrafastET reac-

FIG.
û

9. ET control in the invertedre-
gion, model II. The figure shows the
optimal pulse _ top

ü `
, the electronic

level populationsa centerb , and the vi-
bronic
I

level populations c bottom
I d

for
the
ü

caseof the isolatedsystem e leftf
and for the case with dissipation
(1/ g sØ h 2.9i 10j 3

Þ
/fs
ß kml

right, note the
changedscalefor the vibrational level
populations³ n .

FIG. 10. Convergencybehaviorof the OC algorithm extendedby random
fluctuations.Model I-1 with 1/ o sØ p 2.9q 103

Þ
/fs.
ß

Fluctuationsareappliedfor
10 successiveiterationsbeginningat the 3rd one r full line, dashedlines as
well asthe 15th one t dot-dashedlineu to

ü
inducethe transitionto the higher

optimum,and beginningfrom the 35th one,the 80th one v dashedlinew , the
100thone x dot-dashedy aswell asthe125th z full line{ to

ü
checkthestability

of the extremum.For comparison,the result is plottedwhich follows if any
additionalcontribution to the approximateversionof the optimal pulse is
neglected| } full line with filled circles~ .

644 J. Chem. Phys., Vol. 117, No. 2, 8 July 2002 Mančal, Kleinekathöfer, and May



tions.
�

Basedon the optimal control equationsvalid for the
reduceddensityoperatorof thesystemandanauxiliary den-
sity� operatordescribingbackpropagationin time, thebehav-
ior


of the iterative algorithm usedto solve the control task
could� be analyzed.It has beendemonstratedthat a laser-
pulse" controllability is possibleof ET reactions � under' the
influence


of a dissipativeenvironment� . The yield computed
for
Ó

all consideredcontrol taskswould be large enoughfor a
successful� experimentalverification.

Although the control efficiency decreaseswith an in-
crease� of the system-environmentcoupling it has been
shown� that laser-pulsecontrol may partially act againstthe
counterproductive� influence of dissipation. This indicates
that
�

laser-pulsecontrol of ET reactions� and� other typesof
ultrafast' phenomena� is


really a promising attempteven if

carried� out at condensedphaseconditions.For suchtypesof
control� tasksit would be really desirableto havea criterion
at� handwhich offers an upperlimit for the control yield one
can� achieveat a given strengthof dissipation.Respective
investigationsare in progress.
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APPENDIX A: REDUCED DENSITY OPERATOR
EQUATIONS

A
,

formal solution of the densityoperatorequationhas
been
�

given in Eq. � 10� by
�

introducing the time-evolution
superoperator� � . The concretetype of equationrelatedto �
should� be takenhere in the standardform of the so-called
Markovian
-

QuantumMasterEquation � see� e.g.,Ref. 29��
�

tW �ˆ � tW ����� i
s �

mol�ˆ � tW ��� i
s �

F� tW �%�ˆ � tW ����� �ˆ ¡ tW ¢ . £ A1¤
The
! ¥

molT and� ¦
F
§ are� the Liouville superoperatorscorre-

sponding� to thecommutatorwith H
N

mol ,w Eq. ¨ 1© and� H
N

F ,w Eq.ª
4« ,w respectively. All effects following from the coupling to

the
�

environmentare comprisedin the action of the dissipa-
tive
�

superoperator29,47

¬� ®ˆ ¯�°²±
a[ ³"´ a[ µ a[ ¶ˆ ·¹¸ˆ º a[ »½¼ a[ ¾À¿ a[ Áˆ Â a[ Ã�Ä a[ Åˆ Æ a[ ÇÉÈ ,ÊË

A2Ì
withÍ

Î
a[ ÏÑÐ

b
\

0
�
Ò

d
é Ó

Cab[ ÔÖÕØ× Umol ÙÛÚÝÜßÞ b
à Umolá âäãÛåÝæ . ç A3è

W
é

e again remind on two approximationsinvolved in the
givenê form of the dissipativesuperoperator. First the influ-
enceë of the externalfield hasbeenneglected,40 andì the den-
sityí operatorequationhas beenreducedto the Markovian
type
î ï

aì discussionof non-Markovianeffects in relation to
fs-laser
ð

pulseexcitationhasbeengiven in Ref. 48ñ .
The
ò

reservoircorrelationfunctionsappearingin Eq. ó A3
ô õ

readsö Cab÷ (
ø
tù )ú û 1/ü 2

# ý
tr
î

Rþ Rÿ ˆ eq� UR

���
a÷ UR

�
b
à � . It is given as a

trace
î

with respectto the reservoirstatespaceand refers to
the
î

thermal equilibrium describedby the reservoirequilib-

riumö statisticaloperatorR
ÿ ˆ

eq� . Providingthereservoirdegrees
of� freedomas uncoupledharmonicoscillatorsthe reservoir
correlation� function takesthe form Cab÷ (

ø
tù )ú �
	 d

é �
exp(ë � i

 �
tù )ú�

(1
ø �

n� (
ø �

))(
ú

J
Þ

ab÷ (
ø �

)
ú �

J
Þ

ab÷ (
ø ���

)),
ú

where n� (
ø �

)
ú

denotes the
Bose
�

–Einstein distribution and the quantities J
Þ

ab÷ (
ø �

)
ú����� k)  (ø a! )

ú
k
) "

(
ø
b
#

)
ú $

(
ø %'&)(�*

)
ú

representthespectraldensitiesof
the
î

reservoirnormalmodes+ see,í e.g.,Ref. 29, .
To obtainthe electron-vibrationalstaterepresentationof

the
î

densityoperatornecessaryfor establishingEq. - 12. , wÊ e
willÍ proceedstepwise.First we introducea representation
withÍ respect to the electronic states / a÷ ,Ê where 0ˆ ab÷ (

ø
tù )ú13254

a÷ 687ˆ (
ø
tù )ú 9;: b

à < is just an operatorin the vibrational state
space.í We do not give the completeequation-of-motionbut
restrictö ourselvesto the dissipativepart=?>

a÷ @ A'Bˆ C tù DFE;G b
à HJILK

cM N Ka÷ O5P a÷ Q R a÷ S;T cM UWVˆ cbM X tù Y
Z)[ˆ ac÷ \ tù ]W^5_ cM ` a b

à bdc;e
b
à f Kg b

à
hji?k

a÷ l m b
à n;o

cM pWqˆ cbM r tù s Kg b
à

t Ka÷ uˆ ac÷ v tù wWx5y cM z { a÷ |d};~ b
à ��� . � A4�

This
ò

expressionhasto be usedto write down the electron-
vibrational� representationof the densityoperatorequations
asì given in Eq. � 12� . Here,we only demonstratehow to get
the
î

respectivedissipativecontributions.In usingEq. � A4
ô �

the
î

electron-vibrationalë representationreads�F�
aM÷ � �?� a÷ � �'�ˆ � tù �F�;� b

à ���8�
bN
à �

���
cM �

M̄,N
�̄ � KaM÷ ,aM÷ ¯  

aM÷ ¯ ,cNM ¯¡
a÷ ¢ £

cNM ¯ ,bN
à ¤ tù ¥

¦
K
g

bN
à ¯ ,bN
à §

bN
à ¯ ,cMM ¯

¨
b
à ©

* ª
aM÷ ,cMM ¯ « tù ¬® K

g
bN
à ¯ ,bN
à ¯

aM÷ ,cMM ¯

°
b
à ± ²

cMM ¯ ,bN
à ¯ ³ tù ´

µ KaM÷ ,aM÷ ¯ ¶
bN
à

,cNM ¯·
a÷ ¸ * ¹

aM÷ ¯ ,cNM ¯ º tù » ,Ê ¼ A5½
whereÍ the KaM÷ ,aN÷ standí for the vibrational matrix
elementsë ¾F¿

aM÷ À Ka÷ Á8Â aN÷ Ã ,Ê and we introduced Ä aM÷ ,bN
à(

Å
cÆ )
Ç

È3ÉËÊ
aM÷ Ì Í?Î a÷ Ï Ð cÆ Ñ;Ò b

à ÓÕÔ×Ö
bN
à Ø asì the electron-vibrationalmatrix

elementë of the Ù -operators,Eq. Ú A3Û .
While
é

the calculationof Ü aM÷ ,bN
à(

Å
cÆ )
Ç

is possiblein a direct
wayÍ for ET modelII, onehasto changefor ET modelI to the
adiabaticì representationof thedonor–acceptorstates.There-
fore
ð

we takethe adiabaticstatematrix elementsof the time-
dependent
Ý Þ

-operatorasappearingin Eq. ß A3àáãâåäçæ
Umolá èJéFêìë b

à UmolíïîJðFñFòôóåõçö�÷ eø ù i ú5ûÕüþýôÿ��������
b
à �	��
�� ,Ê � A6

ô 
whereÍ the ����� denote

Ý
transitionfrequenciesamongadiabatic

levels.
�

Insertingthis into Eq. � A3
ô �

givesê the correctexpres-
sioní for the diabaticstatematrix elementsof the � -operator

�
aM÷ ,bN
à�

cÆ � � 1

2
� �

d
� �� ,  CcdÆ !#"%$'&)(+* A, -�. aM! / A, 0* 1 bN

# 2
35476�8�9 :

d
� ;=<?>�@

A 1

2
� B

d
� CD , E F

1 G n� HJI�K+LMLNH JO cdÆ PJQ�R�SNT
U J
O

cdÆ VXW'Y)Z+[M[ A \�] aM! ^ A _* ` bN
# aJb�c�d7e f

d
g h	i�j�k . l A7m
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The remainingmatrix elementcanbe expressedby diabatic
stateí matrix elements

o7p�q�r s
d
g t	u�v�wyx{z

K
|

,L
} A
~ �* � dK

� �
A
~ ���

dL
� �

K
�

dK
g

,dL
g . � A8

ô �
Once
�

theHamiltonianEq. � 1� referringto theET modelI has
been
�

diagonalized,the adiabaticenergiesandexpansionco-
efficientsë can be usedto computethe completedissipative
part� of the densitymatrix equations.

APPENDIX
�

B: BACKWARD PROPAGATION

It
�

hasbeendiscussedin detail in Ref. 26 how to obtaina
density
Ý

operator equation which realizes the backward
propagation� introducedin Eq. � 18� . As a resultoneobtains��

tù � ˆ � tù �+��� i
 �

mol� ˆ � tù �+� i
 �

F� tù  #¡ ˆ ¢ tù £+¤ D
¥˜ ¦ ˆ § tù ¨ ,Ê © B1

� ª
withÍ the dissipativepart

D
¥˜ « ˆ ¬ tù N®°¯

a÷ ±³² a÷ ´¶µ a÷ · ˆ ¸ tù ¹+º%» ˆ ¼ tù ½¿¾ aÀ Á aÀ ÂÄÃ aÀ ÅÇÆ ˆ È tÉ Ê¿Ë aÀ
ÌÎÍ

aÀ Ï ˆ Ð tÉ Ñ¿Ò aÀ Ó ,Ê Ô B2
� Õ

whichÍ is essentiallydifferent from Ö ,Ê Eq. × A2Ø . First, we
giveÙ the expansionwith respectto the electronicstates

ÚÜÛ
aÀ Ý Þàß ˆ á tÉ âNã³ä b

å æyç{è
cÆ é=êÜë aÀ ì í cÆ îðï³ñ cÆ ò K� cÆ ó ˆ cbÆ ô tÉ õ
ö%÷ ˆ acÀ ø tÉ ù K� cÆ úüû cÆ ý þ cÆ ÿ�� b

å �
�����

aÀ � 	 b
å 
���

cÆ ��� ˆ cbÆ � tÉ � K
�

b
å

� K
�

aÀ � ˆ acÀ � tÉ ����� cÆ � � aÀ ��� b
å � � . ! B3

� "
If confrontedwith Eq. # A4$ ,Ê one notesdifferencesbetween
dissipation
%

in the courseof forward andbackwardpropaga-
tion
î

which not only resultsfrom hermitianconjugations.In
analogy& to thechangefrom Eq. ' A4( to

î
Eq. ) A5* weÍ getfrom

Eq. + B3, the
î

completediabaticelectron-vibrationalrepresen-
tation
î

of the action of the dissipativesuperoperatorfor the
backward
-

propagation..0/
aMÀ 1 2�3 aÀ 4 5˜ 687 tÉ 90:�; b

å <>=@?
bN
å A

BDC
cÆ E

M̄,N
F̄ G

KcMH ¯ ,cNH ¯ I
cMH ¯ ,aMÀJ
cH K * L

cNH ¯ ,bN
å M tÉ N

O
KcMH ¯ ,cNH ¯ P

cNH ¯ ,bN
åQ

cH RTS
aMÀ ,cMH ¯ U tÉ V

W KbN
å ¯ ,bN
å X

cMH ¯ ,aMÀY
b
å Z

* [
cMH ¯ ,bN

å ¯ \ tÉ ]
^ K

_
aMÀ ,aMÀ ¯ `

cNH ¯ ,bN
åa

aÀ bdc
aMÀ ¯ ,cNH ¯ e tÉ fgf . h B4

� i
The
j

variousmatrix elementsof the k -operatorshaveto be
calculatedl asexplainedin the foregoingsection.
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