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Photoinduced ultrafast electron injection from a surface attached molecule:
Control of electronic and vibronic distributions via vibrational wave packets
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Photoinduced femtosecond electron transfer from a chromophore attached via a molecular group to a semi-
conductor surface is discussed theoretically. For an early time region after ultrafast photoexcitation and for a
specific range of electron transfer times, the occurrence of remarkable electronic and vibrational distributions
is proposed. The energetic structure and range of the related electronic wave packets can be controlled by the
shape of a vibrational wave packet which has been prepared by laser excitation of the attached molecule.
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Electron injection from a light absorbing molecule~chro-
mophore! into an electrode~heterogeneous ET! is of particu-
lar interest in AgBr photography, dye-sensitized solar ce
etc.1,2 Apart from the technological importance, studies
photoinduced processes are relevant in understanding th
sic physics of charge injection at interfaces. For instan
immobilizing the donor molecules at specific distances fr
the electrode by attaching anchor groups of appropr
lengths one can systematically investigate the effects
molecule-surface distance variation on the charge-injec
process.3 Furthermore, one may control the initial vibron
states of the donor by an appropriate optical preparation
more importantly accurately determine the time scale
charge injection into the electrode.

Recent experiments have shown that electron injec
from a molecularly anchored chromophore to a nanopor
TiO2 electrode proceeds on a sub-ps time scale.3–7 Pump-
probe spectroscopy has been employed to time resolve~i! the
decay of the excited state,4 ~ii ! the formation of the molecu
lar ion,4 and ~iii ! the arrival of the injected electron in th
empty conduction band of the semiconductor electrode6,7

The ultrafast nature of the photoinduced charge inject
process implies that the electron is transfered from the m
ecule to the electrode well before vibrational relaxation c
occur in the donor molecule. This has been recently c
firmed by the observation of oscillations in the probe abso
tion signal due to vibrational wave-packet motion during h
erogeneous electron transfer.8 In the above experimenta
system electron transfer proceeds in 80 fs from the exc
singlet state of the perylene chromophore, through the
lecular anchor group (-CH2-phosphonate!, into the conduc-
tion band of a TiO2 electrode.

Compared to the amount of theoretical work done in
whole field of ET reactions~for a recent overview see, e.g
Refs. 9,10! little attention has been paid to modeling phot
induced charge transfer from a molecule to a semicondu
surface. Up to now only parts of this latter process have b
considered, for example, electron injection into a quasic
tinuum ~QC! of pure electronic levels~see, e.g. Ref. 11! or
into a vibronic QC~compare Ref. 12!. A proper combination
of these processes which is essential for describing heter
PRB 620163-1829/2000/62~24!/16330~4!/$15.00
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neous ET has not been explored until now. A recent work
obtaining pump-probe signals using a density-matrix
proach (x (3) theory! has addressed the issue of excited-st
probe absorption when the electron undergoes an ultra
injection into a continuum of band states.13 In all the above
cases the focus has been on the dynamics associated wit
decay of the injecting~excited! state.

In this paper a detailed description of ultrafast electro
vibrational dynamics accompanying photoinduced heter
enous ET, valid for times prior to onset of relaxation pr
cesses, will be given. We discuss the time-depend
probability distributions in the electronic QC and among t
vibronic states of the ionized molecule, their inte
relationship, and also the role played by vibrational wa
packets in the excited state in engendering a unique serie
electronic wave packets in the electronic QC. To obtain
probability distributions a time-dependent Schro¨dinger equa-
tion approach is utilized. Neglect of the relaxation proces
in the early time region is justified since for the above e
perimental system, injected hot electrons have been foun
relax in about 150 fs.14 Furthermore, the vibrational wav
packet in the excited state of the chromophore lasts at l
one ps,8 also indicating weak anharmonic coupling.

The Hamiltonian which is responsible for the ultrafast a
coherent part of the charge injection dynamics contains
electronic statesuwa& ~diabatic states! as well as the set o
vibrational coordinatesQj participating in the ET process
The Qj are governed by the vibrational HamiltonianHa ,
where the electronic quantum number comprises the mole
lar ground and excited state,a5g anda5e, respectively, as
well as the QC of band states (a5k). Correspondingly, the
whole Hamiltonian reads

H5(
a

Hauwa&^wau1(
k

~Vkeuwk&^weu1H.c.!. ~1!

To elucidate the main features, a case of harmonic poten
energy surface~PES!, and a single vibrational coordinat
with a vibrational quantum of\vvib50.1 eV, that is com-
mon to all electronic states will be considered. Although t
coherent oscillations in the perylene chromophore~using a
R16 330 ©2000 The American Physical Society
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pulse width of 20 fs! was dominated by two modes of energ
around 0.05 eV,8 with shorter pulses one can indeed exc
the modes around 0.1 eV. The transfer integralVek couples
the electron in the excited donor state to the semicondu
QC.Vek has been chosen as a constant, i.e., independentk,
a usual assumption in surface molecule interactions.15 The
implicit assumption here is that normal mode oscillations
not modify the surface-molecule distance and hence
transfer integralVek ~justified for the above experimenta
system in view of the rigid anchor group!.

To include the photoexcitation process~into the excited
donor level! Eq. ~1! has to be completed by the coupling
the radiation field. This will be described in the electric d
pole ~and Condon! approximation where the molecular tra
sition matrix element is denoted bydeg ~direct excitation into
the band continuum can be neglected!.

To study the system dynamics one has to solve the ti
dependent Schro¨dinger equation for the electron-vibration
wave function uC(t)&5(anAan(t)uxan&uwa&. The time-
dependent expansion coefficients are characterized by
electronic as well as vibrational quantum numbers,a andn,
respectively (xan is the related vibrational wave function!.
Accordingly, one obtains the time-dependent occupat
probability of an electronic statek in the quasicontinuum
P(E,t)[Pk(t)5(nuAkn(t)u2 and that of a vibronic leveln
of the ionized moleculePn(t)5(kuAkn(t)u2. The QC states
~800 levels! have been shown to behave exactly like a co
tinuum until the occurrence of the first recurrence.11 For the
level spacing of the QC assumed here~2.5 meV!, the first
recurrence occurs after 1.6 ps. Since a box like uniform le
density is assumed for the QC, its behavior is similar to
two-dimensional continuum of semiconductor substr
states of width 2 eV.

The distributionP(E,t) versus the energy of the condu
tion band is shown in Fig. 1. One notices in part~a! of Fig. 1
a number of peaks separated from one another by\vvib . It
seems obvious that their heights are determined by
Franck-Condon factors of the vibronic levels between
excited and ionized molecular state. This can be confirm
by estimating the structure of the electronic distributio
from Golden Rule arguments. For times well separated fr
the laser pulse action and less than the time the first re
rency appears, the probability structure in the QC is rela
to ;(nmPm

(i) u^xemuxkn&u2d(Ee1m\vvib2E2n\vvib) (Pm
(i)

is the field-pulse-induced initial donor-level distribution!.
Accordingly, for a given value ofm one obtains transitions
into the band state with energyE5Ee1m\vvib and mul-
tiples of \vvib below. The whole structure in Fig. 1~a! is
obtained by adding contributions for differentm, and by in-
corporating the Franck-Condon factors as a weight. Thus
probability distribution in the QC appears as a Fran
Condon progression, but with each member broadened
cording to the electronic interaction of the excited molecu
state@leading to a lifetime of 85 fs, since the measured va
is around 80 fs~Ref. 8!#. The laser pulse width~Gaussian
width of 60 fs! has been chosen such that very little vibron
coherence is formed in the excited state.

When a vibrational wave packet is created on the exc
state with a laser pulse width that is much shorter than
period of vibrational motion~41 fs! one obtains, as shown i
Fig. 1~b!, a more uniform spread of probabilities due to tra
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sitions from the higher states combined in the vibratio
wave packet. More importantly, oscillations in the probab
ity distribution P(E,t) due to definite phase relations b
tween members of the Franck-Condon progression appe
displayed in Fig. 1~b!. Therefore, the energetic spacing
well as the time period of the oscillations in the Franc
Condon dictated structure are both related to the fundame
harmonic of the single vibrational mode.

It is shown in Fig. 2 that the occupancyP(E,t) of a few
selected levelsE from the electronic QC is built up in an
oscillatory fashion due to vibrational wave-packet motion
the donor molecule. This is similar to the experimental
sults in certain donor-acceptor complexes16 where there is
some evidence that vibrational wave-packet motion mo
lates donor-acceptor occupancies~see also Ref. 12!. How-
ever, in the wide band limit, the total rise in probability o
the entire electronic QC~obtained as a result of summin

FIG. 1. Probability distribution of the injected electron vers
the energy of the conduction band.E50 denotes position of excited
donor level. Exciting wavelength corresponds to a 0-0 transit
with a Gaussian pulse-width of~a! 60 fs and~b! 2 fs.

FIG. 2. The rise of probability in three selected levels of the Q
for conditions similar to Fig. 1~b!: The dotted lineE520.2 eV, the
solid line E520.5 eV, and the dashed lineE50.1 eV.



s
n-
te
ss

a
nc
la
ve

ing
te
i
n

e

th
s
Fi
et
c-
in
n

re

ke

a
d

h

on

Q
lif

th
a

nic
o
g
e
a

p
ia
o

ET
he
ic
ra-
as

u-
ure
ons

to
hat
nt.
ng

C.
he
C

or
ale
all

i-

rgy
he
d a
can

l is
al
as

de-

re-
and
oto-

e
ule
uc-

nts

es

RAPID COMMUNICATIONS

R16 332 PRB 62S. RAMAKRISHNA, F. WILLIG, AND V. MAY
over all QC states! turns out to be a smooth function a
individual oscillatory contributions undergo destructive i
terference. The curve with the fastest rise in Fig. 2 oscilla
at 2vvib since the vibrational wave packet transits the cro
ing region ~of the respective PES! for this QC level twice
within one period. The other two curves which oscillate
vvib are clearly out of phase with respect to each other si
their respective curve crossing regions are at opposite c
sical turning points of the excited state vibrational wa
packet.

It is interesting to note that the information correspond
to the location of the wave packet in vibrational coordina
ordinate space is transformed upon injection into phase
formation of the electronic energetic distribution. In an e
ergy and time-resolved experiment~e.g., a two-photon
photoemission experiment! this information is retained
whereas in an energy-integrated but time-resolved exp
ment ~standard pump-probe experiments! this information is
lost, and one obtains a smooth rise~wide band limit!, in
agreement with the experimental result.8

It is clear that by varying the laser pulse, e.g., the wid
one can create different types of vibrational wave packet
the excited state of the molecule. However, the results in
1 indicate that different types of vibrational wave pack
upon ultrafast electron injection, will lead to different ele
tronic wave packets in the semiconductor. Thus, by vary
the laser pulse one has control over the type of electro
wave packet injected into the semiconductor.

It is instructive to relateP(E,t) to the spatial probability
distribution in the electronic QC~the electronic wave
packet!. This quantity can be expressed in terms of the
spective wave functionswk(r ) as (r is the spatial electronic
coordinate!

PQC~r ,t !5(
n

U(
k

Akn~ t !wk~r !U2

. ~2!

In order to numerically calculate the electronic wave pac
one needs thewk(r ) ~but this will not be attempted in this
paper!. As seen from Eq.~2! the electronic wave packet is
linear combination of subwave packets whose number
pends on the maximum value ofn. When the laser pulse
populates for instance, only a single vibrational level in t
excited donor state, one obtains for each value ofn in Eq. ~2!
a particulark value governed by the energy conservati
condition E5Ee1m\vvib2n\vvib . Each value ofn gives
rise to an electronic subwave packet in the electronic
whose energy spread is determined by the excited-state
time broadening around a specific value ofE ~a cluster of
values aroundE). The ET into an electronic-vibronic QC
leads to a series of electronic wave packets even for
simplest case, where each electronic subwave packet is
to what is obtained from an injection into a pure electro
QC. With a vibrational wave packet in the excited don
state,m is multivalued leading to a series of overlappin
electronic subwave packet of similar energy span. The
hancement of the energetic spread of the electronic subw
packets as well as the extent of their consequent overla
the electronic QC can thus be controlled by an appropr
preparation of a vibrational wave packet in the excited m
lecular state.
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The case wherein several normal modes participate in
would lead to a more complex electronic distribution in t
QC. It would be the result of a superposition of electron
wave packets both from modes which have acquired a vib
tional wave packet for the given laser pulse width as well
from those which have only a single vibronic level occ
pancy. Even so, it is important to have the reference pict
of the single mode case at hand while analyzing distributi
which arise from several modes~currently under study!. Fur-
thermore, it would be of central interest for further studies
clarify how the overall coherence decays on a somew
longer time scale where dissipation becomes predomina

For a large electronic coupling the lifetime broadeni
can be much larger than\vvib that leads to a loss of the
Franck-Condon structure in the energy spectrum of the Q
An overall energetic shift occurs towards the bottom of t
QC, which is typical for injection into a pure electronic Q
~as in the case of a Fano-Anderson model17!. The electronic
wave packet in this case is not affected by a presence
absence of an initial vibrational wave packet. The time sc
of electron injection in photodesorption studies for sm
molecules,18 usually corresponds to this limit.

The probability distribution of the occupancy of the v
bronic levels of the ionized moleculePn(t) is shown in Fig.
3. It can be related to the expression;(mPm

(i) u^xemuxkn&u2

with the restrictionEe1(m2n)\vvib>0. Since the energy
lost by the electron in the QC is equivalent to the ene
gained by the vibrational part of the ionized molecule, t
two distributions are linked by energy conservation. Indee
one-to-one correspondence between the two distributions
be obtained in the case when only a single vibronic leve
initially populated in the donor excited state. With an initi
vibrational wave packet however, this simplicity is lost
can be seen by comparing Figs. 1~b! and 3.~This vibrational
energy gain is the crucial quantity to be determined in
scribing desorption yields.18!

Experimental data pertaining to the theoretical results p
dicted here have not yet been reported. However, time
energy-resolved measurements such as two photon ph
emission ~2PPE! can probe the oscillatory buildup of th
occupancy of the vibrational modes in the ionized molec
and of the occupancy of electronic levels in the semicond
tor as discussed in this paper@Figs. 1~b!–3#. Such experi-
ments appear feasible in view of the 2PPE experime

FIG. 3. The probability distributions among the vibronic stat
of the ionized molecule as in Fig. 1~b!.
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where electron transfer dynamics were probed in molec
adsorption layers on a metal surface.19

To summarize, this paper reports model calculations p
taining to electron injection into an electronic-vibronic Q
The main highlight of this work is the control of the structu
and energetic range of electronic distributions/wave pac
by a suitable preparation of a vibrational wave packet in
excited molecular state. The rich structure presented by
probability distribution in the electronic QC may be achie
able only by ultrafast charge injection from a molecule to
.
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semiconductor, thus highlighting a unique role played
such heterogeneous charge-transfer processes. The s
quent propagation, dephasing, and relaxation of the e
tronic wave packet in the semiconductor calls for furth
study.
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