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Laser pulse control of ultrafast heterogeneous electron transfer:
A computational study
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Laser pulse control of the photoinduced 90 fs charge injection from perylene into the conduction
band of TiG is studied theoretically. The approach accounts for the electronic-ground state of the
dye, the first excited state, the ionized state formed after charge injection, and the continuum of the
electronic states in the conduction band, all defined vs a single reaction coordinate. To address
different control tasks optimal control theory is combined with a full quantum dynamical description

of the electron-vibrational motion accompanying the charge injection process. First it is proved in
which way the charge injection time can be changed by tailored laser pulses. In a second step a
pump-dump scheme from the perylene ground state to the first excited electronic state and back to
the ground state is discussed. Because of the strong coupling of the excited perylene state to the
band continuum of Ti@ this control task is more suited to an experimental test than the direct
control of the charge injection. @004 American Institute of Physic$DOI: 10.1063/1.1796274

I. INTRODUCTION The present paper is devoted to an extension of our ear-
lier studies on ultrafast HET given in Refs. 14-16. In the
ﬂ)llowing we will focus on the case where a tailored laser
pulse is used to initiate the charge injection process. The

solar cellst These represent an attractive and low cost alter—”_mt'v""t_Ion for doing th's is twofold. First, based on our
native to traditional silicon based photovoltaic devices.tGra Simulations we would like to put forward a proposal for a
zel cells are formed by dye sensitized nanocrystalline semiProper experiment with the aim to influence the charge in-
conductors, typically highly porous nanocrystalline anataséection process. And second, it is of general interest to inves-
TiO,. The rapid HET into an empty conduction band state oftigate laser pulse control where a state continuum is involved
TiO, after photoexcitation of the dye is cruci@mong other in the dynamics.

factorg for the light-harvesting efficiency. Once the electron To carry out respective simulations we will use the
is moved fast enough into TiOsurface states or into bulk model introduced in Refs. 14—8ee also Fig. L It covers
conduction band states, any intramolecular side reactions cafe electronic-ground state of the dye, the first excited state,
be suppressed. This fact initiated a number of ultrafast speggq ionized state formed after charge injection, and the con-

troscqp|c experimenttsee, €.g., Refs. 239 . tinuum of the electronic states in the conduction band. All
Since theS; level of peryleneis degenerated with the ' : . )
molecular states are defined vs a single reaction coordinate.

conduction band of TiQ, studies on this system have been_l_h " i duction band states i ted
favored. But interest moved also to ZnO or Sn®loreover, e continuum of TIQ conduction band states Is accounte

different injection mechanisms have been compared includ®©" Py an expansion with respect to a complete orthogonal
ing internal conversion processes or the formation of tripleS€t of functions(see Refs. 15 and 16Such a treatment is
states as well as charge motion through different conformabriefly recalled in Sec. Il and in the Appendix. It is comple-
tions of the surface attached molecule. For the system amentary to sophisticated electronic structure calculations
izarin on TiO, an injection time of 6 fs has been reported. (see, for example, Refs. 10 and)Eince it allows for a fully

In contrast to the intensive experimental studies of thesguantum dynamical description. To address the question of
processes less has been done to simulate the various stepgafer pulse control of heterogeneous electron transfer the op-
the charge injection process. A quantum chemical study 0fma control theoryOCT) as described in, e.g., Refs. 18—23
the absorption properties of anatase Jian be found in g ,sed(see Sec. I). The presentation of the numerical re-

Sllts in Sec. IV starts with the consideration of the charge
vibrational coordinates have been undertaken in Refs. 11 a du . . 9 .
ransfer dynamics induced by a short Gaussian pulse. This

12. A wave packet propagation was used in Ref. 13 to com- | . .
pute frequency-domain spectra. References 14—16 discussAQ’(!JI serve as a reference e>.<ample. OCT_'S appheq afterwgrds
the full quantum dynamics of HET from perylene into BiO to study two control tasks in more details, one with the aim
as observed in Ref. 6. Although based on a minimal model® populate the excited dye state as much as possible. In the
for the electron-vibrational motion accompanying the chargedther control task we undertake the attempt to hit a particular
injection this latter approach is capable to account for allvibrational wave function in the electronic ground state. The
main features of the reaction on a 100 fs time scale. paper ends with some concluding remarks in Sec. V.

To understand the details of heterogeneous electro
transfer(HET) is of huge importance for different areas of
research, for example, for the construction of ek type
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though the introduced model is more general, the concrete
E computations are restricted to the case of a single vibrational
coordinate.
The coupling Hamiltonian to the radiation field is written
U in the standard dipole coupling form
e

Hfiea(t) = — E(t) 1. (3

We assume that only an optical excitation from the molecular
ground state to the excited molecular state is possédet is
the case for perylene on Tipand set

U, 1=0ed 0o} (0 + H.c. @

U The transition-dipole matrix element is denoteddyy.

g When studying the photoinduced dynamics on a 100 fs
time scale it is reasonable to neglect any relaxational effect
and to simply propagate the time-dependent Sdihiger
equation related to the Hamiltonian introduced in Eg. To

Q solve the Schidinger equation we carry out an expansion

with respect to the diabatic electron-vibrational staggge,
FIG. 1. Scheme of PESs vs a single reaction coordinate corresponding to thgnd obtain
involved electronic levels in the used minimal mo¢ible shaded area indi-
cates the conduction band which covers a continuum of)PES

|~P<t>>=§ﬂ Cam(D)|Xam)| @a)- (5)
Il. THE MODEL AND BASIC EQUATIONS OF MOTION

To describe laser pulse control of HET we start with a
Hamiltonian adopted to the perylene-Ti®ystem. It reads

Such a state expansion is fairly standard unless the presence
of the band continuum leading to a continuousGgy(t) of
expansion coefficients. We will tackle this problem as de-
H(t) = Hmot-senit Hfield(t) (1) scribed in Refs. 15 and 16. Therefore, thelependence of

with the first part describing the molecule-semiconductorCku(t) is replaced by a frequency dependency, leading to

system. The second part is responsible for the coupling to thi® guantity Cy(w;t), which, in a next step, will be ex-
radiation field. ForH,o.comWe Use a three-level minimal Panded by the functions,(w). They should form an or-
model introduced earligfcf. Refs. 14—1§ thogonal set which is complete along the energy range of the

conduction band, here characterized by the frequency inter-
val [0,wma] (from the lower to the upper conduction band

= +
Himorsent a%e,k [EatHa(@][ea)edl edge. This allows us to write

+3 (Vielo(gd +H.C). ?) cM<w:t>=2 Ur(@)Cly(1). (6)

It represents a certain diabatization with respect to the statédn appropriate truncation of the infinite sum leads to a finite

of the surface adsorbed dye molecule coupled to the coret of expansion coefficienG{;(t). The frequency depen-

tinuum of the conduction band states and includes the eleglence of the transfer coupling,(w) (replacingV,,) as well

tronic ground statép,), an excited electronic stafe,), and ~ as that of the related density of stat&09

an ionized state formed after the electron transfer into the

conduction band with states labeled by the wave vektor N(w)=2 S(w—wy) (7

The concrete nature of the band states will be of less interest k

for the present studies. We only presume that they form avill be specified later. As already demonstrated in Refs. 15

dense continuum. The coupling of the band states to the exand 16 the expansion with respect to the functionéw)

cited molecular state is given Byy.. TheE, introduced in  (substantiated by Legendre polynomjateduces the effort

Hmol-sem EQ-(2) are electronic energies, where the band ento account for the continuous band energy enormo(esiyn-

ergy is written asE,=E.+Aw, with the lower band edge pared to a naive discretization of the band enelgiesthe

positionE. and with# wy characterizing the band width. Appendix we present the complete set of equations of motion
The vibrational Hamiltonians corresponding to the elec-for the expansion coefficients and give some details on the

tronic states introduced so far are denotedHy(q). The used Legendre polynomials.

eigenfunctions and eigenvalues are givendy, andfw, ,

respectively(M denotes the set of vibrational quantum num-

berg. We assume parabolic potential energy surfa@s9

U.(q) for all electronic states with vibrational frequencies For the purposes here it suffices to use a scheme of laser

independent on the concrete state. The PES of the state witiulse control of molecular dynamics where one asks to real-

the electron in the conduction band corresponds to the iorize a certain statgl ) (the target stadeat timet; (final time

ized state of the molecule and will be denotedUy,. Al- of laser pulse action(Ref. 18. As it is well known the laser

lll. OPTIMAL CONTROL SCHEME
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pulse which solves this type of control tagthe optimal  observed for the molecuf@.The reorganization energygye
pulse can be derived from the extremum of the following referring to the excitation of perylene amounts about 0.1 eV.

functional (cf., e.g., Ref. 19 In the single-coordinate approximation we havey,
1 (1 =hwvibgge with g4, denoting the dimensionless electron vi-
J(t ;E):|<\Iftar|\lf(tf)>|2— Ef dtN(t)EA(t). (8) bration coupling constant. Accordingly this number is taken
to to be 1. However, the value af,;,, characterizing the tran-

This functional tries to realize a maximal overlap of the sition of an electron from the excited perylene state into the
laser-pulse driven wave functidi¥ (t)) at timet; with the band continuum leaving behind an ionized molecule is not
target state under the constrain of a finite field strength of thavell known and will be varied around values @f o, = 2. To
pulse. In order to determine the extremumJgt; ;E) one reproduce an injection time less than 100 fs observed in the
fixes the penalty factoh instead of the whole field-pulse €xperimeritthe transfer couplinyye=Ve(w) is taken about
intensity. Therefore, it is only possible to establish a relation9-1 eV. For the transition-dipole matrix element there does
ship between the intensity and after the control problem Not exist a univocal value. We take 3 D, which is slightly
has been solved. But E¢8) indicates that an increase bf higher than the value reported in Ref. 24. The present restric-
should result in a decrease of the pulse intensity. The tim&0n to a minimal-model description, of course, represents a
dependence of the Lagrangian multiplierx(t) certain simplification. Therefore, it would be less useful to
=\ Sin 4(mt/t]) has been introduced to realize a smoothstudy effects of a frequency dependence of the transfer cou-
switch on and switch off of the pulse at tintg andt;,  Pling.and of the DOS, Ed7) (we use the constant valu¥'g
respectively. and.V, see below

The optimal pulse is obtained as the solution of the fol-

. . ) X A. Reference dynamics
lowing functional equatiorfresulting fromsJ=0)

5 To obtain some reference results for the following dis-
_ ~ cussion let us shortly inspect the transfer dynamics initiated
B(H= Al (t) IM{CW (t0) [ Vi) (O (O] [ W (1))} (9) by a Gaussian pulse of 30 fs duration full width at half maxi-
mum (FWHM) and a maximum field strengtfat t=1t,s9
measured by the Rabi energy)g=dE(tp,sd =0.1eV (we
also setE =1 eV and\ ge=A¢jon="0.1€V, for other param-
eters see below Since the exciting field is given we only

While |W(t)) is obtained by the propagation of the Schro
dinger equation starting with the initial vali# ), the state
vector|O(t)) follows from a backward propagation starting

att; with the “initial” value | W ,,). The notation of the func- " e the timed q o k
tional equation for the optimal pulse via a forward and a ave Fo Solve t_ e time-depen ents nger gquatlop once,
what is done via the state expansion, Eg).with the initial

backward wave function propagation allows to formulate an o , .

efficient iteration schem®?: One guesses an initial pulse to CONiiONCan= dan o (referring to a zero-temperature situ-

computel W ©)(t)} from t, up tot; . If one replaces the field 2tON- _ _ _

strengthE(t) of the pulse by Eq(9) and thereir ¥ (t;)) and Figure 2 d|§plays the total population of the three in-

| (t)) by the respective zero-order solution a first-order apYOVed electronic states

proximation|©)(t)) of the backward propagated state vec-

tor can be computed. Them®1)(t)) is used to calculate Py(1)=2> |Cqu(t)|?, (10)

|w®(t)) and so on. Within every iteration step an approxi- M

mate optimal puls€&(™(t) follows from the iterated right-

hand side of Eq(9) (cf. Figs. 8 and ® Po(t)=2, [Cem(D]?, (11)
Within the numerical calculations it is appropriate to use M

the Rabi energyiQgap(t) =d.gE(t) instead of the field

strengthE(t) of the pulse. Then, by rewriting E49) \g is

replaced byA o= 2|ded?/%1\. Pion(t)=1—Pg(t)— Pg(t). (12)

and

While the upper panel of Fig. 2 concentrates on a somewhat
weaker case of transfer coupliny{=0.02eV), a stronger
The results to be discussed hereafter are based on tleupling has been used in the lower panel of Fig.\2 (
reference model introduced in Sec. Il with parameters=0.1eV).
adopted to the perylene-TjGsystem(cf. Refs. 15 and 16 The chosen parameters of the weak coupling case result
Therefore, the transition enerdy,, between the perylene in a clear separation of the excited state population described
ground state and the first excited state coupled to the TiOby the increase oP., and the electron injection into the
conduction band continuum has been taken to be 2 eV. Theonduction band reflected by the subsequent decreaBg of
same number has been chosen for the extension of the coand the simultaneous increaseRy,. In the strong coupling
duction band. The lower band edBgg s positioned around 1 case there is no temporal separation of the charge injection
eV above the perylene ground state, but other cases are digrocess from the excited state population as demonstrated in
cussed, too. the lower panel of Fig. 2. Now, the strong mixing of the
Using the single vibrational coordinate model for excited molecular state with the band states results in a direct
perylene a vibrational energyw,;;, of 0.1 eV would be a charge injection by the exciting pulse without intermediate
good compromise for the different vibrational frequenciesexcited state population. This behavior indicates that it

IV. NUMERICAL RESULTS
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1.0 It has already been indicated in Ref. 14 tiR{w;t)
sk displays the vibrational progression of the involved reaction
g5 coordinate. Figure 3 demonstrates that after a certain time
S o6t interval (reflecting energy-time uncertaintthe broad distri-
§ bution decays into different peaks. Those correspond to tran-
5 04r sitions from the excited molecular state with energy
S sl +%wy into the band continuum with energf.+%w
+hoy. The possible energy valués in the band follow as
0.0 E.—E.+%(wy— wy) reflecting an inelastic charge injection
accompanied by the creation or destruction of quanta of the
vibrational coordinate. If the vibrational ground state of the
L0 excited molecular state would be populated orw;t)
08k should extend to an energy range belgy- E. (below 0 in
£ Fig. 3). The simultaneous population of excited vibrational
% 061 states may cause also structuresPifw;t) aboveE.—E..
n_? o4l This would be the case after an ultrashort optical excitation,
z _ but is less obvious in Fig. 3.
~ o2} s . To get convergent results a Legendre polynomial expan-
‘_..~;'{57’ R sion up to the order 120 is requiréir more details see the
005 40 &0 30100 AppendiX. The necessary number of vibrational levels de-
Time (fs) pends somewhat on the used reorganization energies but

FIG. 2. Electronic level population after a 30 fs full width at half maximum never overcomes th? value 22. Thergforg, aj” studies dis-
(FWHM) laser pulse excitation in dependence on the transfer couﬁgng cussed so far, in partlcular those resultlng in Fig. 3 represent
between the excited molecular state and the band continuum. Upper panéll important test for the polynomial expansion method. Its
V,=0.02 eV, lower panelV,=0.1eV, solid line:Py, Eg. (10), dashed  stability and convergency are essential for the different con-
line: P, Eq.(11), dashed-dotted liné?jo,, Eq.(12), and dotted line: laser  tro| scenarios discussed in the following sections. There, we
pulse envelopéin a.u). first investigate in which manner the charge injection process
can be influenced by a shaped laser pulse. In the second step,
it will be discussed how the coupling to the band continuum
Misturbs the excitation deexcitation process of the first ex-
cited molecular state.. Such an excitation scheme results
in a time-dependent vibrational wave function in the elec-
[ronic ground state, which should match at a certain time the
arget wave functiofpump-dump scheme

It would be also of interest to create a certain probability
distribution P,( ) in the band continuum. This, however,
. requires the introduction of a mixed target state

Pwit) =2 u(@)up(@) 2 i (CRMD. (13 [ 4uPy(w)le(w))(e(w)| [noteg(w)=¢] or a superposi

_ _ _ tion target statd W)=/ doPul{w)|¢(w)). In order to

The total electronic conduction band populati@muivalent  concentrate the discussion in the present paper on the most
to Pion, Eq. (12)] follows as[ dwM(w)P(w;t). Therefore,  spyious control scenarios we postpone investigations using

depending on the concrete form of the DO%w) the distri-  5,ch mentioned target states to a future study.
bution P(w;t) may become larger than 1 for particular val-

ues ofw.

fer (from the molecule into the semicondudtor

Next we discuss the probability distribution of the elec-
tron in the band continuunP(w;t) =3 y|Cu(w;t)|% It is
shown in Fig. 3 for the situation presented in the lower pane
of Fig. 2. Using the expansion, E@6) the distribution is
obtained as

B. Laser pulse control of the excited state decay

In order to investigate the extent a shaped laser pulse
modifies the charge injection process we consider a control
task where one tries to completely populate a certain vibra-
tional state at the excited electronic statgat timet;. The
more involved formulation where the target state does not
refer to a concrete vibrational state will be discussed later.
Therefore, and in line with Sec. Il we sef¥ )
=[x pe), where|x{®)) denotes a particular chosen vi-

1 brational target state specified below. Furthermore, we have
Band Energy (eV) to set up respective initial conditions to solve the time-

FG. 3. Probability distribution of the imected clect 3 e th dependent Schdinger equations for forward and backward

enei’gy' of trr(:e?:c:rllguctlisorrll bualr?;ar(t)almeteerlgjs;:eeide(:\teigarlowni’thli(t%czsgstak:n to propagation by a state expansion like B). (cf., e.g., Ref.

obtain the lower panel of Fig. 2, note that the band energy is arrange;@S_)_- That for the forwa_rd propagatio_n is identical with the
symmetrically around the injection position 7ab=0). initial condition given in the foregoing section and reads
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TABLE |. Parameters used in Sec. IV B for studying laser pulse control of 1.0 T T T T T
the excited state decdgase 1-4 are explained in the text; open positions
refer to a variation of the respective paramgter £ 08 b
2]
Ec (eV) Geion gge ﬁAO (eV) g‘) 0.6
<
=
1 1.2 1.0 100 5 04
2 1 1.0 100 %
3 1 2.2 100 =02
4 1 2.2 0.0 e

Cam= Sam,go according to the zero-temperature case. If we 10
denote the expansion coefficients of the state veléidt)) _ 08
(introduced in Sec. Il and propagated backwards in fibne £
B,w(t) the initial condition for the backward propagation 3 06
readsBaw(t) = dam en,, With Ny denoting the particular vi- § 04
brational target state. &
Within the computations discussed in the following a 02
certain set of parameters has been fixgeke Sec. IV A E, 00
=2eV, fiw,,=0.1eV, V,=0.1eV, andN=1. The final
time t; amounts 100 fs. Since the taken value/gfresults in
a charge injection time below 100 fs the solution of the con- 8.0 . ; T T
trol task requires a high field strength of the control pulse. 60
Therefore, the penalty factay, introduced in Sec. Ill has to _40r
be chosen large enoudbf. Table ). §2‘07
The remaining parameters have been varied in the course e, 00
of the computation and are given in Table I. The calculations 5‘2-0 C
labeled by 1 concentrate on the influence of the position of 40r
the lower conduction band ed@g (relative toE.). Respec- 60 ]
tive results would be of interest when studying alternative B0 0T a0 e 80 100
dye sensitized semiconductors. The reorganization energy for Time (fs)

the charge transfer from the excited molecular state into thg . .

. . . . . L. . IG. 4. Laser pulse control of the excited state population of the surface
conduction band continuum is varied in casévdriation via attached molecule in dependence on the injection posijoimto the band
different coupling constanig, jon) What is mainly motivated  continuum(for the concrete target state see Jektpper panel: control effi-
by reduced knowledge of the correct numbers for theciency in dependence on the number of iteration stefith E.=2 eV, solid
perylene TiQ system. In case 3 we changed the reorganizaSuve: Ec=1¢eV, dashed curveE =1.5eV, dashed-dotted curvez,

. . =2 eV). Middle panel: level population®, (solid curve, P, (dashed
tion energy for the transition from the ground state to thecurve, and P, (dashed-dotted curyass time for E,=2 eV (for all other

excited electronic state, again aimed to get an impression Qfhrameters see toxtLower panel: temporal behavior of the optimal pulse
the possible behavior of other systems. The reorganizatiofer E;=2 eV.

energy is set equal to zero in the last case 4 where the field

strength of the control pulse is altered via an alteration

of Ag. enters a midband position. The decrease of the target state
population goes along with a faster convergency of the itera-
tion scheme.

The middle panel of Fig. 4 as well as Fig. 5 show the
total population®, P, andP;,,, Egs.(10), (11), and(12),
respectively, vs timéand after convergency within the itera-

To study the influence of the injection position we taketion procedure has been obtainetlvhile for the casek,
the vibrational ground state of the excited electronic state as E, the optimal pulse acts within the whole considered time
the target statefx{(*)=|x.0). The upper panel of Fig. 4 interval(cf. the lower panel of Fig. 4 ts action is restricted
displays the target state population vs the number of iterato the last 25 fs in the case of a midband positiorEgfdue
tions within the OCT scheme. If the excited molecular stateo the faster electron injection. In both cases, however, a
is close to the bottom of the conduction barie.€ E.) the  considerable depletion of the molecular ground state popula-
population of the target state achieves the value of 0.77%ion has been achieved. Moreover, by comparing the popula-
(Note the restriction to 60 iteration steps which might betion dynamics(middle panel of Fig. # with the temporal
enlarged a little bit here but would be sufficient for all other behavior of the optimal pulsdower panel of Fig. 4 one
computations presented in this papdihe population of the may nicely realize how the optimal pulse solves the control
target state decreases considerabli fis lowered. Such a task within the predetermined time interval of 100 fs by de-
behavior is caused by a faster electron injection siBge population and partial repopulation of the ground state. The

1. Change of the injection position into the band
continuum
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Time (fs) Conduction Band Energy (eV)

FIG. 5. Laser pulse control of the excited state population of the surfac%IG 6. Electron distribution, Eq13) in the band continuum at time

attached molecule for the injection positiifa=1 eV into the band con- Solia (.:urve' E—1eV dash,ed éurveE —15eV dashed-dotted cur.ve'

tinuum (for the concrete target state see jeghown are the level popula- E—2ev (o.thér pararheters as in Fig °4 ﬁote tyhat the band energies. are
C . il

t!ons P4 (solid curve, P, (dashed curve andPj,, (dashed-dotted curye's arranged symmetrically around the centefiat=0).
time (for all other parameters see text

. I 2. Ch f th zati !
presence of population oscillations and thus the related sepa- Change of the reorganization energies

ration of the optimal pulse by at least four overlapping sub-  As already mentioned the reorganization enekgy,,
pulses may be reduced by reducing the target imeédow-  for the excited-state band-continuum transitiercited-state
ever, such a case would be of less interest because choosiogtionic-state transition in the moleculis not well known.
a smallert; would go along with a suppression of the influ- Therefore, we will study the influence at, ;,, on the target
ence of the band continuuniMoreover, a systematic esti- state populatior(control yield for the control task with a
mate how laser pulses obtained as a solution of the OCT mayidband position ok, as discussed in the Figs. 5 and 6. The
be realized in the experiment can be found in Ref) 26. following values for the yield have been obtained: 0.13, 0.17,
To modify the control task discussed so far one may als@nd 0.25 for Agjo,=0.1, 0.48, and 0.68 eV gt ion
ask about the maximization of the total population of state=1,2.2,2.6), respectively. With the increasengfy,, (via an
¢, irrespective of a given distribution along the vibrational increase ofge ;o) the decay of the excited state is slowed
levels. This requires a modification of the control functionaldown, which lets the control yield increase. And, at the same
J(t:;E), Eq. (8) in replacing (W W (t;))|? by (¥(t;)| time, the increase of,,, leads to a decrease B%,, (0.53,
X |oe){@el X |W(t5)) (this notation becomes necessary since0.48, and 0.42 fogeo,=1, 2.2, and 2.6, respectivelySuch
(xel¥(ts)) remains a state vector in the vibrational statea behavior is caused by a less efficient electron injection due
space. Then, one has to introdud®(t))=U(t,t;)|ee){ ¢l to a decreasing overlap between the PES of the excited and
X | (tf)) which replaceg ¥ | W (t;))|O(t)) introduced in ionized molecular state. For the same reason, as shown in
Eq. (9) [U(t,t;) denotes the total time-evolution operator Fig. 7, P(w;t) is distributed around a midband position if
corresponding to HamiltoniaH (t), Eq.(1)]. The boundary Jeion is small.
conditions for the expansion coefficieris,(t) of |O(t)) For this latter casedeion=1) Figs. 8 and 9 demonstrate
read B,y (t))= 8. Con(t;), i.e., it is determined by the the formation of the optimal pulse within a sequence of 60
whole set of expansion coefficients foF (t)) att=t;. Car-  itérations. Already the first three iteration steps change the
rying out similar computations as done for Fig. 5 the totalPulSe shape drastically. The drawn final shajpgver panel
populationP, of the target state at becomes 0.39 in con- ©f Fig. 9 is nearly achieved after 30 iterations and undergoes
trast to the much smaller value 0.21 of Fig. 5. only slight changes within the remaining iterations.

A detailed inspection of the middle panel of Fig. 4 indi-
cates that a slight decrease of the band continuum population
appeargbetween 50 and 60 fs and between 90 and 100 fs 0.8~ T - -
This is related to the particular chosen configuration with the ik
lower band edge being degenerated wh. If E; has a 0.6 i,'t,;,'!“\ 1
midband position such recurrences from the continuum does
not take placécf. Fig. 5.

The energetic injection position also influences the dis-
tribution P(w;t), Eq. (13) of the electron in the conduction
band. This behavior dP(w;t) is shown in Fig. 6 at the end AN
of the control pulsé=t;. As it has to be expected the local- 0.0 ==—0 2 . 0'5 1
ization of P(w;t) depends on the position &, relative to Conduction Band Energy (eV)
the lower band edgE.. However, also the shape Bf w;t)
strongly depends on this position. Since the discussed distrfIG. 7. Laser pulse contrql of the excited‘ state ‘pop.ulation of the‘surface
butin s that defined via noneigenstates of the considereff*Gret Teece, et e seton Ssrbmen e ondueton and
systems it completely vanishes if the lower band edge iS.; gashed lineg, o= 2.2, dashed-dotted lingy, o,= 2.6, note that the
reached. band energies are arranged symmetrically around the centes=a0).

Electron Population
o
'S
T
s
1
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FIG. 10. Laser pulse control of the excited state population of the surface
201 1 attached molecule. Shown are the target state populétidrine) and the
Tiol d total band-continuum populatiofdashed ling vs the dimensionless cou-
§ pling constany, between the molecular ground state and the first excited
AAMAMAARARARARAA . . .

"o 0.0 VWV electronic statéfor other parameters see tgx€urves with squares: vibra-
=71 ol | tional ground state of the excited electronic state acts as the target state,
R curves with triangles: target state given by the second excited vibrational

201 . state.
'30 C 1 1 1 1 hn
0 20 40 60 80 100
Time (fs)

FIG. 8. Temporal behavior of different iteratio€™(t) of the optimal

change of\4 is achieved by changing the dimensionless
coupling constangy, between 0 and Zfor E;=1eV and

pulse referring to the control task explained in Fig. 7. Upper panel: initialJg jon=2.2).

guess, lower panel: first iterated form.

The results of the computation are displayed in Fig. 10
for a case where the vibrational ground state and the second
excited vibrational level act as the target state=(100fs).

In continuing the discussion of the preceding part weShown are the population of the target state as well as of the

next concentrate on the effect originated by a change of theand continuunfat t;). With the increase of4 the control
reorganization energy . governing the transition from the yield decreases by a considerable amount if the target state is
molecular electronic ground state into the excited state. Sucgiven by the ground vibrational level. The behavior is re-
a change results in a different preparation process of a wawerse if we chose the second excited vibrational level as the
packet in the state, and we might expect an influence on target state. This goes along with a decrease of the total
the control yield(if X4 is small, the population of low-lying band-continuum population fayge>1.

vibrational levels in the excited state can be increastde As indicated in Sec. lll an increase af, (decrease of

Ao=2|deg|?/%1%\o) leads to a decrease of the field-pulse in-
tensity. Increasingi Ay from 5 to 25, 50, and 100 eV our
computations give an increase of the control yield as 0.06,

>0 0.26, 0.34, and 0.41, respectivelpr the same control task

201 as in the foregoing section where the vibrational ground state
gl-O r of the excited electronic level defined the target statde
200 Wl results show that increasing, by a factor of 10 increases
2,_1‘0 i the target state population from 0.06 to 0.41.

20f

30k . ‘ . . ] C. Laser pulse control of the vibrational motion

0 20 40 60 80 100 in the electronic ground state
Time (fs) i . .

In order to circumvent the destructive influence of the
30F ' ' conduction band continuum on the solution of the control
20k tasks described in the preceding section we will next con-

Z1ol sider the case where the target state is located in the elec-
2 tronic ground statdcf., e.g., Ref. 2] We setWy= x1apq
=0 with x; given by the vibrational ground state wave function
FloF but shifted away from the minimum of the respective PES
20F (away fromqg=0). The shift will be characterized by the
30k . . dimensionless quantitggy already introduced to fix the
0 20 40 60 80 100 relative position of the different PES. The parameters which
Time (fs) kept fix in the calculations ar€.=2 eV, fiw,,=0.1eV,

FIG. 9. Temporal behavior of different iteratio€™(t) of the optimal 9ge= 1, N=1, iho=58V, andt;=100fs. In similarity

pulse referring to the control task explained in Fig. 7. Upper panel: thirdt© the foregoing section, other parameters are vafd
iterated form, lower panel: final form of the puléafter 60 iterations Table 1I).
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TABLE Il. Parameters used in Sec. IV C for the study of the laser pulse
control of the vibrational motion in the electronic ground s{@elicated are
example 1 to 4 explained in the text, open positions refer to a variation of
the respective paramejer

E. (eV) Geion Ve (eVv) Oshift 4
1 15 0.1 0.5 -
2 1 0.1 0.5 ]
3 1 15 e 0.5
4 1 15 0.1 030 ™0 20 30 40 50 0
Number of Iterations
1.0
Noting Fig. 11 the same effect becomes obvious as al-
ready discussed in Sec. IVB. If the excited electronic level 5 0f
E. is near the lower edge of the conduction band the control S 06
yield is larger than folE, in a midband position. However, §
the present control task results in a much higher yield than 3 04
the related one of the foregoing section. The high control & 02
yield of the caseE.=E_ is related to a very small residual

L. Wang and V. May

population of the band continuugmiddle panel of Fig. 1L
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FIG. 12. Laser pulse control of the vibrational motion in the electronic
ground state. Variation of the reorganization energy. Upper panel: yield of
the target state in dependence on the number of iteration steps. Solid line:
Je ion= 0.5, dotted lineg, j,,= 2, dashed lineg, i,,= 2.5, dashed-dotted line
geion=5. Lower panel: Level populatioRy (solid ling), P, (dashed ling

and P,,, (dashed-dotted linevs time for g ;=5 (other parameters see
text).

indicating again the particular property of this energy level
configuration. It is interesting to note that the intermediate
population of the excited electronic level in the molecule is
centered around 50 fs although=100fs. In line with this
observation the related optimal pulse shown in the lower
panel of Fig. 11 covers about one third of the whole time
interval. Its shape, however, differs strongly from a simple
Gaussian one.

1. Change of the reorganization energy
for the transition from the excited state
into the band continuum

The reorganization energy.i,n can be changed by a
variation ofgeon. AS mentioned in Sec. IV B an increase of
Jeion May slow down the electron injection from the excited
state into the conduction band and, in this manner, may in-
crease the target yield. But with the parameters chosen in this
section this phenomenon is not observabledgg,,<2.0 as
demonstrated in the upper panel of Fig. 12. The target yield
almost keeps the same value up to an increasg, @f, be-
yond 2. For the smaller values of the reorganization energy
(corresponding tage.i,n<2.0) the tendency of the excited

FIG. 11. Laser pulse control of the vibrational motion in the electronic €l€ctron to move into the conduction band continuum is sup-

ground state. Variation of the injection positi&g into the band continuum.

pressed by the control field in a way resulting in a control

Upper panel: control efficiency vs the number of iteration steps, solid "”95yield less than 78%. Fageon>2.5, as shown in the lower

E.=2 eV, dashed lineE;=1 eV. Middle panel: Level populatioR (solid
line), P, (dashed ling andP,,, (dashed-dotted linevs time forE.=2 eV

panel Fig. 12 the electron transfer from the excited state into

(for other parameters see textower panel: temporal behavior of the opti- the band continuum is strongly suppressed and the control

mal pulse forE.=2 eV.

yield amounts 96%for geion="5).
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FIG. 13. Laser pulse control of the vibrational motion in the electronic 1.0 T
ground state. Variation of the coupling strenithbetween the excited state
and the ionized state. Shown are the population of the target(staie line) g 0.8
and of the ionized stat@ashed lingvs the coupling strengti, . '3
—a' 06
(=]
S04t
2. Change of the transfer coupling between 2
the excited molecular state and the band continuum 4 02k
IncreasingV, one has to expect a decrease of the injec- 0.0' . v .

tion time into the conduction band continuum. For the 0 20 40 60 80 100

present control task, however, the effect of an increasé,of Time (£

is less direct. From Fig. 13 it is found that the increas¥ of FIG. 14. Laser pulse control of the vibrational motion in the electronic
only leads to a moderate decrease of the target state popu%[gund state. Varifation Afspir. Shown are the !evel p_opulatidﬁg (solid .
tion reaching a constant value whepis beyond 0.08 eV. At g?:izies(dﬁic:? ;g‘fegz:fi"ggasr]ed'd(’ﬁed linevs time. Upper panel:
the same time the population of the conduction band de-

creases and becomes very sméhis population moves
through its maximum fol/ about 0.03 eY. Since the decay  paye peen investigated. In the first example one tries to con-
into the continuum is accelerated with an increas®'othe {1 the excited state decay into the semiconductor band con-
optimal pulse has to act again this tendency. tinuum. The other example uses a pump-dump-like scheme
The displacement of ., from q=0 (increasegsnin) 1ets  from the molecular ground state into the first excited elec-
decrease the control yield remarkably. The concrete valugggnic state(coupling to the band continuurand then back
for ghir=0.5, 1.0, 1.5, and 2.0 are 0.78, 0.39, 0.19, and 0.06t5 the ground state with a target state given by the dis-
respectively. The related increase of the conduction bangjaced vibrational ground state. For the first case any control
population shows a saturation at 0.42 fy=>1.5. This s strongly influenced by the coupling of the target state po-
saturation is caused by the temporal behavior of the levedjtioned in the first excited electronic state of the molecule to
populations as shown in Fig. 14, which also becomes indeghe pand continuum. The control yield remains snilebs

pendent on the position of the target state. than 20% except the excited molecular level is near the
lower band edgéa situation which does not correspond to
V. CONCLUSIONS the case of perylene on Ti

Femtosecond laser pulse control has been discussed for In the seconi.e;(]a.mplel where Ithedbrand_ conrt:nuumllnflu—
the particular case of heterogeneous electron transfer fror‘?ﬁnceS a state, Wh IcN 1S Orl‘y, F;gpb“ ate urmgr: Ie mh(q))tlon to
perylene adsorbed at TjOnto the conduction band of the t e;target sta.tet N contr'o' yleld becomes muc afgieout
semiconductor. To describe the photoinduced 90 fs charg%O@ for a midband position of the excited molecular state
injection process a reference model has been introducedP/ca fr(])r perylene on _T'@'f Such adcor_wtrorl] task seems tol
comprising the electronic-ground state of the dye, the firsP® f?"'“? more appropriate for I‘?j’tl;_ y(;n the exlperflme?t. n
excited state, the ionized state formed after charge injectiorp,alrtlcu afa ':j r(;aprese_nts ?] we h etine exalr(n pie tor e;ser
and the continuum of the electronic states in the conductiof!'S€ guided dynamics where the wave packet moves from
band. To account for vibrational wave packet dynamics thdNe initial state to the target state through intermediate states
molecular states are defined vs a single reaction coordinatgpu‘:)IIng toa cpntmuur_n. In future work, of course, the .used
A fully quantum dynamical description of the electron- model needs different improvements, for example, the inclu-

vibrational motion including the conduction band continuumSion of additional I.evels bridging the e>'<cited molecular level
of TiO, has been achieved by an expansion with respect t81nd the band continuum. Related studies are just under work.
orthogonal polynomials.

Although parameters .have been taken which resemb'ﬁCKNOWLEDGMENT
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more general clarification in which manner laser pulse con- The financial support by the Deutsche Forschungsge-
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APPENDIX: POLYNOMIAL EXPANSION from which the orthonormalization, E¢A4) of the functions
OF THE EQUATIONS OF MOTION u, can be deduced. There exist the following recursion rela-
First, we present the set of coupled equations of motiorton:

for the expansion coefficient€,), introduced in Eq.(5). r+1 r
These equations related to the conduction band continuum P, (X)= mer(x)— mPr,l(x), (A9)
are rewritten using Eq6) where the continuum expansion

coefficientsC{)’(t) have been introducedy(,, v is the vi-  from which one obtains

brational wave function of the ionized molecular sjafehe

; ; . 2w
equations take the following form: @iy (@)= w —1|u (@)= au, (o) (A10)
(9 . max
i r2
+ 7 B0 dge (XgulxewCen®), (A1) @=\77 7 (A11)
d . Note Ug(w) =1/\wmax and U (@) = V3/wmaX (2ol wma—1).
gt Cem(D=~1(Ee/fi+ @) Cem(t) The use of the Legendre polynomials simplifies Egs.
: (A3). We note
+ %E(t)deg% (Xemlxgn)Con(t) (wUUup)=(U,wu,)
i (p) =ﬂx<u (@py1Upy1+Uptagy 1))
_%% % <XeM|XionN><~NVeup>CN (v, 2 n%p+1tptl P prp—1
w
d (A2) :%X(gr,mlaml'l'5r,p+ap5r,p71)- (A12)
an
9 If we additionally provide a flat density of staté¢ and a
ECW(tF —I(Ec/fi+ op)CR(H) =i 2 (wu,u,)CR(1) frequency independent transfer coupligit follows:
P
i <urve>: 5r,0ve V ®max (A13)
- 52:\1: <urve><XionM|XeN>CeN(t)- (A3) and
;heerglr:tcizlgﬁl(--) denotes frequency integration according to (AVeup)= 5p'0/\/\/e1/wmax_ (A14)

For all numerical calculations explained in the present paper
(Upuy)= f‘""‘axdw U (@)U (w)=4, (A4) e used these two latter approximations which further sim-
P o nee P plify the basic equations of motiofA1)—(A3). The neces-

The relation also indicates orthonormalization of the func—>2"Y numbgr of Fhe polynomials did not exceed 120 whereas
tions u, (). the upper vibrational number wég =22.

For the concrete calculations we used a particular real-
ization of the orthonormal sei, . It is given by the Legendre
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