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Theory of ultrafast photoinduced heterogeneous electron
transfer
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Ultrafast heterogeneous electron transfer (HET) between a molecule attached to a semiconductor surface and the conduction
band of the semiconductor is discussed theoretically with emphasis on the perylene–TiO2 system. The used description
accounts for the specialty of the molecule, i.e. its particular electronic level scheme together with its vibrational degrees of
freedom. The band continuum of the semiconductor is included and the approach is ready to describe different optical
excitation and detection processes. Using a diabatic-state like separation of the whole system into molecular and
semiconductor states, femtosecond photoinduced dynamics are studied. Since the HET is ultrafast standard rate theories
cannot be applied. Instead, the respective time-dependent Schrödinger equation governing the electron–vibrational wave
function is solved. Based on this approach and using a time-dependent formulation, the steady state linear absorption is
calculated. Parameters of perylene attached to nano-structured TiO2 via different bridge–anchor groups are adjusted by a
comparison with measured spectra. A direct charge transfer excitation into the conduction band continuum is included into
the description. This time-dependent formulation of the absorbance is confronted with a direct formulation in the frequency
domain using the molecular Green’s function. Then, it is explained how to observe the energetic distribution of the injected
electron which carries signatures of the molecular vibrations in a two-photon photon emission spectrum. Some speculations
on a laser pulse control of ultrafast HET are finally given.

Keywords: Ultrafast heterogeneous electron transfer; Perylene on TiO2; Steady state linear absorption; Molecular Green’s function;
Two-photon photon emission spectrum; Laser pulse control

1. Introduction

Electron transfer (ET) represents a ubiquitous pheno-

menon in physics, chemistry and biology which attracted

continuous interest over the last decades (see this volume

and [1–5]). With the dawn of femtosecond spectroscopy

activities have also been directed to sub-picosecond

transfer processes. Although some experimental data are

available on sub-picosecond photoinduced ET, the field is

dominated by theoretical activities focusing on wave

packet dynamics in donor–acceptor complexes beyond

the nonadiabatic transfer. If the optical preparation is fast

enough, one may follow the formation of a vibrational

wave packet in the donor state and its motion into the

acceptor state. This process has been studied under various

respects, related, e.g. to the importance of dissipative

effects in the course of the wavepacket motion, to the

influence of electronic and vibrational dephasing, to the

type of optical excitation, etc. (cf. [6–8] for the early

contributions and e.g. Refs. [9–13] for some recent

activities).

Since experimental examples on ultrafast donor–

acceptor ET are rather rare, femtosecond interfacial

heterogeneous electron transfer (HET) became of great

interest during recent years. Different molecule sensitized

semiconductor surfaces have been investigated and it has

been reported on HET proceeding on a sub 100 fs and even

on a sub 10 fs time region. Although there are practical

device applications of HET reactions, e.g. in nano-hybrid

systems [14–19], the exploration of these transfer

processes is an interesting topic in its own rights (see,

for example, [20–22]).

Perylene attached to nano-structured TiO2 is of

particular interest in this connection. It is well suited for

a systematic study of photoinduced ultrafast HET since

the first excited electronic state of perylene is energetically

positioned about 1 eV above the conduction band edge of

TiO2 thus realizing a mid-band charge injection situation.
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Introducing different bridge–anchor groups, the transfer

coupling which initiates HET can be tuned from a strong-

coupling situation (with charge injection times of 10 fs)

down to weaker coupling strengths (with charge injection

times of up to 1 ps [23]).

The present paper continues our theoretical studies on

HET with particular emphasis on the perylene–TiO2

system [24–29]. To account for the optical excitation, for

subsequent electron–vibrational quantum dynamics, the

formation of an electron distribution in the semiconductor

band continuum, its detection by two-photon photon

emission spectroscopy and for femtosecond laser

pulse control a model of reduced dimensionality has to be

applied. This reduction concerns the electronic levels

involved as well as the number of intra-molecular

vibrational coordinates. Similar computations have been

carried out in Refs. [30,31] but with a more involved

account on vibrational dynamics dropping at the same time

any consideration on the state of the injected electron in the

conduction band continuum. Such considerations, how-

ever, have been in the focus of DFT-based electron structure

calculation of dye sensitized semiconductor surfaces given,

for example, in Refs. [32–35]. In particular, a combination

of electronic structure calculations with molecular

dynamics simulations have been presented in

Refs.[33,34]. So far, however, these sophisticated compu-

tations could not be directed up to measured data obtained,

for example, in a femtosecond optical experiment.

Since the initiation and detection of the type of HET

discussed here is based on ultrafast optical techniques, a

certain part of the presentation focuses on the computation

of optical spectra. After some qualitative discussion in the

subsequent section, the general HET model is introduced

in Section 3 with a specification in Section 3.1 to the

simple charge transfer model used for the perylene–TiO2

system so far. The way to simulate femtosecond charge

injection dynamics is explained in Section 4 and

illustrated with some results valid for perylene on TiO2.

In Section 5, we demonstrate the computation of the linear

absorption coefficient which is of central importance for

parameter adjustment. Preliminary data on two-photon

photon emission spectra are presented afterwards. The

discussion is finalized by some speculations on laser pulse

control of HET presented in Section 7.

2. Prologue

Standard ET is described as the transition from a single

donor state into a single acceptor state, with the donor

state potential energy surface (PES) written as ED þ

UDðQÞ and that of the acceptor state as EA þ UAðQÞ. (Be

aware of the notation used throughout the paper, where the

energy of the PES at the vibrational coordinate

equilibrium position has been separated, here ED or EA.

Q denotes the set of vibrational coordinates.) As it is well

known, the electronic coupling strength VDA and the

mutual position of the donor and acceptor PES (leading to

a fixation of the driving force and the reorganization

energy) are crucial for the concrete type of ET (adiabatic

or nonadiabatic ET, as well as ET of the normal, activation

less, or inverted region, cf. e.g. Refs. [4,5]).

In contrast to this standard picture of ET, the peculiarity

of HET from a surface attached molecule into a

semiconductor consists in the presence of a continuum

of acceptor states formed by the conduction band

continuum. This is shown in figure 1, where we reduced

the description to the presence of the electronic ground-

state and a single excited state of the molecule with PES

Eg þ UgðQÞ and Ee þ UeðQÞ, respectively. The semi-

conductor has been described by a single conduction band.

The electron in the excited state of the molecule may be

transfered into the semiconductor since its empty

conduction band is degenerated with the excited

molecular level. Thus, the accepting levels of the ET are

formed by the continuous band-structure Ek of the

semiconductor, where k denotes the quasi-momentum (if a

nano-cluster is considered k has to be replaced by other

quantum numbers). At the same time, the vibrational

motion of the ionized molecule is determined by its

cationic PES denoted in figure 1 as Uion. Therefore, the

complete PES Ek þ Uion form a continuum, too, indicated

by the shaded area in figure 1 (see also Section3.1).

A HET scheme characterizing exclusively the elec-

tronic levels is given in figure 2. It presents the electronic

configuration of the molecule–semiconductor system

based on the introduction of a pseudo potential. Shown is

the resulting overall potential following from the super-

position of local potentials, which define the local

molecular, or atomic electron levels, which are also

shown. The left well of the potential corresponds to the

Eg+Ug

Q0

Eg

Ee

Econ

Ek+Uion

Ee+Ue

Figure 1. PES of the molecule semiconductor system Ea þ Ua vs. a
single vibrational coordinate Q (the vertical position of the PES is
determined by the electronic energy Ea, here without the inclusion of
the vibrational zero-point energy). a ¼ g and a ¼ e correspond to the
ground and excited state of the molecule, whereas a ¼ k characterizes
the semiconductor conduction band states. The grey box indicates the
continuum of band states starting at the lower band edge with energy Econ.
The position of the excited state PES Ee þ Ue drawn by a full line is
typical for perylene on TiO2 whereas that drawn by a dashed line
resembles a near band-edge position.
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surface attached molecule, with the energetic position Eg

of the electronic ground-state and Ee of the first excited

state indicated. The wells in the right part of figure 2 are

those formed by the various atoms of the semiconductor

cluster. Here, the energetic positions Emm of the highest

occupied and Emn of the lowest unoccupied atomic orbitals

are drawn (m is the site-index and counts the various

atoms, the level indices m and n have been not used in the

figure). If the electronic eigenstates of the semiconductor

are introduced one obtains the band structure with bulk

and surface states. (Of course, this differentiation becomes

meaningless when considering a semiconductor nano-

cluster.) The shown overall electronic configuration

corresponds to an injected electron at the first atomic

well leaving behind the cationic state of the molecule.

To characterize charge injection in more detail, let us

turn back to the PES scheme of figure 1. As it has been

already mentioned, the mutual position of the donor

(here the photo excited molecular state) and the acceptor

PES fixes the type of ET (normal ET, activation less ET, or

ET of the inverted region). In the present case of HET,

however, all types may appear simultaneously. This is

particularly the case if the injecting level is in a mid-band

position (far away from the band edges of the

semiconductor conduction band, full line in figure 1).

Now, the donor PES has arbitrary crossing points with the

multitude of acceptor PES, i.e. ET appears at every part of

the donor PES.

If the ET is ultrafast as it is the case for perylene on

TiO2, one has to consider ET in terms of vibrational wave

packets. The fs-photo excitation results in a vibrational

wave packet in the PES Ue moving forth and back.

Simultaneously, at every step of this motion, a transfer to

the acceptor PES is possible. Therefore, the decay of the

overall donor population denoted here by Pe will be

smooth and structureless. But Pe should show oscillations

superimposed, if the injection level is in a near band edge

position (dashed curve in figure 1). This results from the

fact that in this case only a part of the donor PES crosses

with the multitude of acceptor PES.

Lets turn back to HET with the molecular injection level

in a rather mid-band position. For this case figure 3 shows

the excited molecule PES and some PES of the continuum

of product states. For every PES, the energetic position of

the vibrational eigenstates are also shown (here levels

corresponding to a single coordinate). The vibrational

levels of the PES Ek þ Uion of the band continuum which

have been drawn in the figure are degenerated with the

levels of the molecular PES Ee þ Ue. Thus, the scheme

indicates that completely resonant transitions are possible

from a particular excited molecular electron–vibrational

level into different vibrational levels of the molecular

cation with the electron in a band state.

These transitions are the only one which remain if the

transfer coupling is weak and the Golden Rule of quantum

mechanics suffices to describe the transition. Conse-

quently, electronic band states of the semiconductor are

populated around the injection energy Ee shifted

by multiples of the vibrational quanta. For stronger

transfer coupling, however, also transitions into states are

possible which are not completely degenerated with the

excited molecular level. Nevertheless, we may expect

again structures around Ee reflecting the vibrational

progression of the molecule but, now, with a broadening

which also reflects the strength of transfer coupling

(see Section 4.1).

While the discussion done so far concentrated on the

temporal evolution of the HET next we will consider the

effect of HET on steady state properties like the linear

absorbance, thus shifting the discussion to frequency

domain considerations (cf. Section 5). Neglecting

vibrational contributions first we arrive at the scheme of a

single excited molecular level (with energy Ee) coupled to

the continuum of conduction band levels (with energy Ek).

Accordingly, one expects a shift and a broadening of

the molecular absorbance. Taking the vibrational degrees

E

Z

V(Z)

Ee

Eg Em

Figure 2. Electronic levels of the molecule–semiconductor system
according to a description by a one-dimensional pseudo potential VðzÞ.
The left potential well belongs to the surface attached molecule and
includes the ground state with energy Eg and the excited state with energy
Ee. The following wells correspond to the atoms of the semiconductor at
sites m with atomic orbital energies Em (the quantum number which
distinguishes the different levels has been suppressed). Shown is the
electronic configuration after charge injection. The transferred electron
occupies the empty atomic orbital of the first atom at the surface (notice
that in the general case the level position depends on their actual
population). The grey shaded area of the upper part (E . 0) indicates the
region where unbound (vacuum state) electronic wave functions are
defined.

Ee+Ue

Ek+Uion

Figure 3. PES Ee þ Ue of the excited molecular state (left) and some
selected PES Ek þ Uion corresponding to the molecular cation and the
injected electron at a particular band state (right part, the mutual
horizontal shifts have been introduced for clearness). All PES are drawn
together with the respective level position of vibrational eigenstates. The
PES in the right part all act as acceptor levels and may be simultaneously
addressed in the transfer process.
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of freedom into account it not only depends on the coupling

strength to the band continuum but also on the

mutual position of the PES (the reorganization energy of

the charge injection) if a vibrational progression seen

at the isolated molecule survives its attachment to the

semiconductor surface.

All the given qualitative discussions will be substan-

tiated in the following section by respective quantitative

consideration based on a uniform theory of photoinduced

ultrafast HET.

3. The model

The consideration of the molecule–semiconductor system

is based on a diabatic-state like description distinguishing

between molecular and semiconductor states (cf. figure 2).

Of course, when carrying out ab initio calculations,

diabatic states are not directly obtained and a diabatization

procedure becomes necessary. But their introduction is

very useful for the consideration presented in the

following. It is based on separate molecular states and

those of the semiconductor. Both types of states couple

one to another by a transfer coupling. The electronic states

of the molecule are denoted as fa for the neutral one and

as fðþÞ
a for the states of the molecular cation. The quantum

number a counts the different levels with a ¼ g for the

ground-state, a ¼ e for the first excited state (S1-state) and

if necessary, a ¼ f for a higher excited state. This counting

system is also used for the cationic states.

As the electronic states of the semiconductor, we may

introduce the band-states fak where a is the band-index

and k the quasi-wave vector of bulk or surface states. The

filled valence band acting as reference state for all what

follows is denoted as jvl (in the most simple view it can be

considered as the antisymmetrized product state formed

by the various single electron valence-band state functions

fvk). When considering nano-crystals (clusters),

however, it is more appropriate to work with localized

states. Here, it is sufficient to use a single-electron

description based on a tight-binding model with local

atomic orbitals uð2Þ
mm , with energies Emm and with the

transfer coupling Tmm;nn. The notation accounts for the site

m of the atom and its orbital m populated by the injected

(excess) electron. The minus-sign at the atomic orbitals

indicates that they refer to an excess electron injected

into the prior neutral cluster.

For the whole characterization of the molecule–

semiconductor system, we have to introduce (antisymme-

trized) electronic product states jfaljvl and jfðþÞ
a ljuð2Þ

mm l.
The first type describes the system before charge injection

and the latter type corresponds to the states after charge

injection. Here, juð2Þ
mm l has to be understood as a many-

electron state with the injected excess electron in the

atomic orbital uð2Þ
mm (the many-electron state could be given

by the antisymmetrized product of uð2Þ
mm and jvl).

If we expand the total Hamiltonian Hmol–sem of the

molecule–semiconductor system with respect to these

product states we obtain

Hmol–sem ¼
X
a

ðEv þ Ea þHaÞjfa;vlkv;faj

þ
X
a

X
mm;nn

dmm;nn Ev þ EðþÞ
a þHðþÞ

a þ Eð2Þ
mm

� ��

þTmm;nn

�
fðþÞ
a ; uð2Þ

mm

��� lkuð2Þ
nn ;fðþÞ

a

��
þ
X
a

X
b;nn

Va;bnnjfa;vlkuð2Þ
nn ;fðþÞ

a

��þ h:c:
� �

ð1Þ

This expression needs some comments. First, notice that

Ev is the energy of the filled valence states which serves as

a reference energy. Moreover, the Ea þHa characterize

the neutral molecule with Ea as the electronic energy at the

equilibrium configuration of the respective nuclear

coordinate PES, here, plus the zero-point energy.

Correspondingly, Ha denotes the respective vibrational

Hamiltonian which spectrum starts at zero energy. The

vibrational eigenstates are denoted as xaM (M comprises

the vibrational quantum numbers). After charge injection,

the molecular cation is described by EðþÞ
a þHðþÞ

a defined

in a identical way as for the neutral molecule. These

molecular energies are combined with the energies Eð2Þ
mm

of the atomic orbital occupied by the injected electron

(all related to the reference energy Ev).

ET of the injected electron within the nano-cluster is

initiated by the transfer coupling Tmm;nn. The transfer

coupling between the molecule and the semiconductor is

accounted for by Va;bnn indicating transfer between the

neutral molecular state fa and the atomic orbital uð2Þ
nn

leaving behind the cationic state f
ðþÞ
b . Clearly, only a very

selected set of atoms positioned around the binding site of

the molecule is included. To avoid overloading of the

model, we neglected vibrational modulation of Va;bnn.

Of course, this assumption has to be proven when

changing to a concrete molecule–semiconductor system.

If photo emission of an electron from a semiconductor

state into the vacuum is of interest, the description has to

be extended by the fð2Þ
k representing states which change

into plane waves of a free electron for large distances with

respect to the semiconductor cluster (grey shaded area in

figure 2).

So far any Coulombic interaction of the injected

electron with the positively charged molecule has been

neglected. Often one argues that the diabatization

necessary to arrive at the used local states already

accounts for this coupling. We will adopt this position

here, too. To include optical excitation Hmol–sem, equation

(1) has to be complemented by the standard expression

Hfield ¼ 2EðtÞm̂: ð2Þ

The electric field-strength is denoted by E, and m̂ is the

transition dipole operator which may account for an

exclusive excitation of the molecule but also for charge

transitions from the molecular ground-state into the

L. Wang et al.768
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semiconductor band states as well as photo ionization

transitions.

3.1 Reference model

The model introduced so far will be specified in the

following to that already applied in our former studies

[24–28]. Therefore, we introduce a notation by concen-

trating on the state of the single electron to be transferred.

We also change to a common description of the

semiconductor states. This results in an identification of

the states before charge injection by wa (a ¼ g; e) and

afterwards by w k, i.e. the following assignment is taken:

jfa; vl! jwal and jfðþÞ
a ;fn kl! jw kl. The respective

electronic energies are "1a, here with a also including the

quasi-wave vector k as an electronic quantum number

(notice that Ev has been set equal to zero). It is not

required to distinguish whether the wk are bulk or surface

states since we use for concrete computations the density

of states (DOS)

N ðVÞ ¼
X
k

dðV2 vkÞ: ð3Þ

Here and in the following "V labels the semiconductor

band energy. When choosing a particular form of N ðVÞ, it

should cover all semiconductor band states in the vicinity

of the molecular injection level. Probably, the use of an

averaged DOS

�N ¼
NV

DV
; ð4Þ

with the level number NV in the energy interval DV would

be sufficient (wide-band approximation).

According to what has been discussed beforehand, the

Hamiltonian, equation (1) reduces to

Hmol–sem ¼
X

a¼g;e;k

ð"1a þ HaÞjwalkwaj

þ
X
k

ðVkejwklkwej þ h:c:Þ: ð5Þ

For the further discussion, it is useful to write the band

energies "1k as "vcon þ "vk, with the lower band-edge

"vcon and with "vk running over the conduction band of

width "Dvcon. Again, all levels are understood as given by

the minima of the related PES plus the zero-point

vibrational energy. Hg and He denote the vibrational

Hamiltonian (with a spectrum starting at zero energy) for

the electronic ground-state and the first excited state of the

molecule, respectively. Hion is the one of the ionized

molecule if charge injection into the conduction band took

place (earlier denoted as HðþÞ
g ). The related eigenvalues

and vibrational wave functions have been already

introduced. Charge injection from we into the manifold

of states wk is realized by the transfer coupling Vke which

k-dependence will be later replaced by a frequency-

dependence leading to VeðVÞ (within the wide-band

approximation it can be replaced by the frequency

independent, averaged quantity �Ve).

If we assume that optical excitation exclusively takes

place in the molecule between the ground and the excited

state the dipole operator introduced in equation (2) reads

m̂ ¼ degjwelkwgj þ h:c:; ð6Þ

with the transition-dipole matrix element denoted as deg. If

a direct excitation of conduction band states is considered

the additional contribution

m̂CT ¼
X
k

dkgjwklkwgj þ h:c: ð7Þ

has to be included (dkg might be replaced by dgðVÞ).

3.2 The perylene TiO2 system

We shortly comment here on the specification of the

injection model discussed in the preceding section to the

perylene TiO2 system. It is based on our recent studies

which considered the steady state absorption spectra of

perylene attached to TiO2 nano-crystals via different

bridge–anchor groups (cf. Ref. [28]). Changing the

bridge–anchor groups one may change the transfer

coupling and thus the injection time. In this way, one

probably changes a single parameter of the injection

model what would be of large interest for a systematic

study.

The different bridge–anchor groups which have been

investigated so far in Ref. [28] are shown in figure 4 together

with the perylene molecule. The DTBZPeZCOOHZTiO2

A

P
OO

O

H
H

O

H

O O

H

OO

H

O

(1) (2) (3) (4)

Figure 4. Core chromophore DTBZPeZA (di-tertiary-butyl perylene, left part) with bridge–anchor groups in position A as studied in Ref. [28].
1, ZCOOH (carboxylic acid); 2, Z(CH)2ZCOOH (acrylic acid); 3, Z(CH2)2ZCOOH (proprionic acid); and 4, ZP(O)(OH)2 (phosphonic acid).
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and DTBZPeZ(CH)2ZCOOHZTiO2 system are charac-

terized by a stronger transfer coupling in contrast to the

DTBZPeZP(O)(OH)ZTiO2 and DTBZPeZ(CH2)2

ZCOOHZTiO2 system. Respective parameters deduced

from a fit of the absorption spectra are shown for the first

system (with a carboxylic acid bridge–anchor group) in

table 1 and the last mentioned system (with the proprionic

acid bridge–anchor group) in table 2 (the respective

theoretical background is presented in Section 5). Besides

the electronic parameters (excited molecular level "1e,

lower conduction band edge "1con, band width "Dvcon,

averaged DOS �N , equation (4) and transfer coupling �Ve) the

tables contain the single vibrational frequency vvib and two

reorganization energiesl (for explanation see below) as well

as the energy broadening " �G introduced in Section 4.2 and

the overall dephasing rate (see section 5). For the transition-

dipole matrix element deg, there does not exist a uniform

value. We take 3 debye (cf. [27]).

In general, several vibrational modes will contribute to

the absorption spectrum of any aromatic chromophore and

this holds true also in the case of perylene [36,37]. The

room temperature spectra, however, could be simulated

rather well by a single-mode description. The spectra

display the dominance of a single vibrational mode (also if

the molecule is in a solvent) having a quantum energy

"vvib of about 0.17 eV (1370 cm21) and corresponding to

an in-plane CZC stretching vibration. (Including more

vibrational modes which couple to the electronic

transition is possible and may improve the fit of the

measured data. But at the same time, this would require

the introduction of many more parameters into the fit what

makes the whole procedure rather ambiguous.)

The single-mode model of Ref. [28] has also been taken

as a justification of the single-mode description already

used in Refs. [24–27]. Therefore, the involved PES are

denoted as (a ¼ g; e, ion):

UaðQÞ ¼ "vvib

1

4
ðQ2 QaÞ

2 2
1

2

� �
; ð8Þ

with the vibrational frequency vvib common to all

considered electronic states. The notation removes the

zero-point energy from the PES and is based on the use of

a dimensionless coordinate Q (the Qa denote the

respective equilibrium positions). Reorganization energies

for transitions among the states simply follow as

lab ¼
"vvib

4
ðQa 2 QbÞ

2: ð9Þ

Once the line broadening �G (cf. Section 4.2) is determined

one may deduce the mean transfer integral �Ve. In order to

do this, we used the DFT-calculations on perylene TiO2

systems of Ref. [32,35] to estimate the mean DOS �N .

All this leads to rather reasonable values of �Ve as

given in tables 1 and 2 (see also the further comments in

Section 4.2).

4. Charge injection dynamics

Since the photoinduced dynamics are considered on a

100 fs time-window, one can neglect any relaxational

effect. Therefore, it is sufficient to propagate the time-

dependent Schrödinger equation related to the Hamil-

tonian introduced in equation (5) together with the field-

part, equation (2):

i"
›

›t
jCðtÞl ¼ ðHmol–sem þ HfieldðtÞÞjCðtÞl: ð10Þ

Its solution is based on an expansion with respect to the

diabatic electron–vibrational states xaMwa (a ¼ g; e; k):

jCðtÞl ¼
X
aM

CaMðtÞjxaMljwal: ð11Þ

The given state expansion is fairly standard except for

the presence of the band continuum leading to a

continuous set CkMðtÞ of expansion coefficients. We will

tackle this problem as described in [24–29]. Therefore,

the k-dependence of the CkMðtÞ is replaced by a frequency

dependence leading to the quantities CMðV; tÞ. They will

be expanded by the functions urðVÞ forming an orthogonal

set. The latter is complete with respect to the energy

range of the conduction band, here characterized by the

frequency interval ½0;Dvcon� (from the lower to the upper

conduction band-edge). This allows us to write

CMðV; tÞ ¼
X
r

urðVÞCðrÞ
M ðtÞ: ð12Þ

An appropriate truncation of the infinite sum leads to a

finite set of expansion coefficients CðrÞ
M ðtÞ.

Accordingly, the coupled equations of motion for the

expansion coefficients CaM introduced in equation (11)

Table 1. Parameters of the DTBZPeZCOOH system at the TiO2

surface (for explanation see text).

"1e 2.79 eV
"vvib 0.16 eV
leg, ðQe 2 QgÞ 0.116 eV, (1.7)
deg 3 D
"g 0.062 eV
"1con 1.79 eV
"Dvcon 6.0 eV
" �G 0.094 eV
�Veð

�N ="Þ 0.1 eV, (2/eV)
lion e, ðQion 2 QeÞ 0.014 eV, (20.6)

Table 2. Parameters of the DTBZPeZ(CH2)2ZCOOH system at the
TiO2 surface.

"1e 2.79 eV
"vvib 0.17 eV
leg, ðQe 2 QgÞ 0.187 eV, (2.1)
deg 3 D
"g 0.058
"1con 1.79 eV
"Dvcon 6.0 eV
" �G 0.0213
�Veð

�N ="Þ 0.058 eV, (2/eV)
lion e, ðQion 2 QeÞ 0.014 eV, (20.6)
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take the following form:

›

›t
CgMðtÞ ¼ 2i Eg="þ vM

� �
CgMðtÞ

þ
i

"
EðtÞdge

X
N

kxgMjxeNlCeNðtÞ; ð13Þ

›

›t
CeMðtÞ ¼ 2i Ee="þ vM

� �
CeMðtÞ

þ
i

"
EðtÞdeg

X
N

kxeMjxgNlCgNðtÞ

2
i

"

X
p

X
N

kxeMjxionNlkNVeuplV

£ C
ðpÞ
N ðtÞ; ð14Þ

and

›

›t
CðrÞ
M ðtÞ ¼2 i Ec="þ vM

� �
CðrÞ
M ðtÞ

2 i
X
p

kVuruplVC
ðpÞ
M ðtÞ

2
i

"

X
N

kurVelVkxionMjxeNlCeNðtÞ: ð15Þ

The bracket k . . . lV denotes frequency integration accord-

ing to kuruplV ;
Ð Dvcon

0
dVurðVÞupðVÞ ¼ dr;p. This

relation also indicates orthonormalization of the functions

urðVÞ. The expressions kNVeuplV and kurVelV account

for the frequency dependence of the DOS and the transfer

coupling.

For the concrete calculations, we used a

particular realization of the orthonormal set ur. It is

given by the Legendre polynomials Pr according to

the identification urðVÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2r þ 1Þ=Dvcon

p
PrðxðVÞÞ

with xðVÞ ¼ 2V=Dvcon 2 1. The necessary number of

the polynomials did not exceed 200 whereas the upper

vibrational number was M ¼ 22. Such a large number of

polynomials is necessary to achieve convergence with

respect to the broad frequency distribution of the

expansion coefficients equation (12) (see also figure 6).

Once the equations (13)–(15) have been solved

different observables can be computed. The populations

of the molecular states follow as (a ¼ g; e)

Pa ¼
X
M

jCaMðtÞj
2
: ð16Þ

That of the ionized state my be obtained from PionðtÞ ¼

1 2 Pg 2 Pe or directly as

PionðtÞ ¼
X
k;M

jCkMðtÞj
2 ;

ð
dVN ðVÞPelðV; tÞ: ð17Þ

Here, we introduced the distribution versus the band states

PelðV; tÞ ¼
X
M

jCMðV; tÞj
2

¼
X
r;p

urðVÞupðVÞ
X
M

CðrÞ*
M ðtÞC

ðpÞ
M ðtÞ: ð18Þ

Notice that PelðV; tÞ may become larger than 1 for

particular values of V. The relation Pion # 1, however, is

guaranteed by the concrete form of the DOS N ðVÞ.

4.1 Femtosecond photoinduced electron transfer

In order to characterize the ultrafast charge injection

process, we present the solution of the time-dependent

Schrödinger equations (13) – (15) starting at the

vibrational ground-state xg0 of the electronic ground-

state and including a laser-field of 10 fs duration (FWHM).

Moreover, the wide band-approximation has been used,

thus, replacing kNVeuplV and kurVelV in equations (14)

and (15) by dp;0
ffiffiffiffiffiffiffiffiffiffiffiffi
Dvcon

p �N �Ve and dr;0
ffiffiffiffiffiffiffiffiffiffiffiffi
Dvcon

p
�Ve,

respectively.

Resulting charge injection dynamics related to two of

the four bridge–anchor groups described in Section 3.2

(cf. tables 1 and 2) are displayed in figure 5. In the strong

coupling case, the excited-state population Pe follows the

laser pulse envelope accompanied by a direct charge

transfer into the conduction band continuum. The

respective overall band population is identical with the

population of the ionized molecular state Pion. Here, one

may consider the laser pulse excitation as a direct

population of the semiconductor states. In the other case

with a weaker coupling, the excited-state population starts

to decay into the band continuum when the laser pulse

excitation is over, indicating the separation of excited state

preparation and charge injection.

To characterize the time evolution of the injected

electron in more detail, we consider the probability

distribution PelðV; tÞ of the electron in the band

continuum, equation (18). Results are shown in figure 6

for the two bridge–anchor groups presented in figure 5.

It has already been indicated in Ref. [23] that PelðV; tÞ

displays the vibrational progression of the involved

coordinate. Figure 6 demonstrates that after a certain

time interval (reflecting energy-time uncertainty) the

broad distribution decays into different peaks. They

correspond to transitions from the excited molecular state

with energy "1e þ "veM into the conduction band

continuum with energy "1con þ "Vþ "vionN. The poss-

ible energy values "V in the band follow as "1e 2 "1con þ

"ðveM 2 vionNÞ reflecting an inelastic charge injection

accompanied by the creation or destruction of quanta of

the vibrational coordinate (cf. also figure 3). If the

vibrational ground-state of the excited molecular state

would be populated only, PelðV; tÞ should extend to an

energy range below "1e 2 "1con. The simultaneous

population of excited vibrational states may cause also

structures in PelðV; tÞ above "1e 2 "1con. This would be
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the case after an ultrashort optical excitation. In figure 6, it

is less obvious since the vibrational energy is larger than

0.1 eV (cf. tables 1 and 2). Notice the similarity with the

linear absorbance discussed in Section 5 where also a

strong transfer coupling leads to a strong broadening of the

vibrational progression (compared with the case of the

dissolved molecule) and a weak coupling to a less

pronounced broadening. In any case, the whole energetic

extension of PelðV; tÞ reflects the distribution of Frank–

Condon overlap integrals kxionN jxe0l. We also emphasize

that the energetic dispersion of Pion, equation (17), by

introducing PelðV; tÞ resolves vibrational state contri-

butions. Those become observable although the HET

proceeds on a time scale of some femtoseconds.

Analyzing exclusively Pion such detailed information

would be not available.

4.2 Decay into the band continuum

The numerical results of the foregoing section are

complemented by analytical calculations referring to the

decay of the population PeMðtÞ of an excited molecular

electron–vibrational state upon charge injection (starting

at t ¼ 0). These calculations will be based on the Green’s

operator

ĜðtÞ ¼ 2iQðtÞ e2iHmol–semt="; ð19Þ

defined by the total time-evolution operator of the

molecule semiconductor system. PeMðtÞ is the survival

probability of the initially prepared state and one

immediately obtains

PeMðtÞ ¼ jkwexeMjĜðtÞjxeMwelj
2

;
ð

dv

2p
e2ivtGeM;eMðvÞ

����
����
2

: ð20Þ

Detailed considerations of the Green’s operator, of its

Fourier-transformation and of its electron–vibrational

matrix elements can be found in Appendix A. As a main

ingredient of these computations the self-energy due to the

coupling of the excited molecular level to the band

continuum appears:

SðvÞ ¼
1

"2

X
k

jVkej
2

v2 1k þ ie
: ð21Þ

The imaginary part of SðvÞ can be found in equation

(A15) and will be denoted here in using the DOS, equation

(3) and by changing from Vke to VeðVÞ:

2ImSðvÞ ¼ GðvÞ ¼
p

"2
N ðvÞjVeðvÞj

2
: ð22Þ
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Figure 5. Electronic level population after a 10 fs (FWHM) laser pulse
excitation. Upper panel, the DTBZPeZCOOH system (for parameters
see table 1); lower panel, the DTBZPeZ(CH2)2ZCOOH system (for
parameters see table 2); solid line, ground-state population Pg of the
molecule; dashed line, excited-state population Pe of the molecule;
dashed-dotted line, population Pion of the ionized molecular state (what
equals the total conduction band population); and dotted line, shape of the
laser pulse envelope (arbitrary units).
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Figure 6. Probability distribution of the injected electron PelðV; tÞ,
equation (18) vs. the energy "V within the conduction band and vs. time
(the origin of the energy axis is given by "1con, the excitation conditions
and parameters are identical with those of figure 5). Upper panel, the
DTBZPeZCOOH system (for parameters see table 1); lower panel, the
DTBZPeZ(CH2)2ZCOOH system (for parameters see table 2).
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In the general case, an analytical expression for PeMðtÞ,

equation (20) is hardly obtainable. Applying, however, the

wide-band approximation (where the frequency-depen-

dence of the self-energy is neglected) the standard

expression

PeMðtÞ ¼ e2kHETt ð23Þ

follows with the rate of HET obtained as

kHET ¼ 22Im �S ; 2 �G ¼
2p

"2
�N j �Vej

2
: ð24Þ

�N denotes the averaged value of the DOS, equation (4)

and �Ve is the averaged transfer coupling. Respective

values have been already given in tables 1 and 2. (Note

that this wide-band approximation suppresses any

vibrational contributions.) Since the transfer coupling

connects the excited molecular state to some atoms of

TiO2 around the binding site of perylene only, the used

small DOS seems to be reasonable. A concrete value for
�N can be deduced from the calculations of Ref. [34], since

they have been restricted to rather small TiO2 cluster, i.e.

to the localized states around the binding site.

Table 3 relates measured injection time constants t
ðexpÞ
inj

derived from data of the cation transient absorption to those

obtained from the simulation of steady state absorption

spectra (see next section). The latter are given as the inverse

of the HET rates kHET, equation (24). The time constants

obtained from the calculations reproduce the qualitative

trend of the measured injection time constants. However,

the kHET are always too small what might be explained by

the neglect of structural and energetic disorder (for a more

detailed discussion see Section 5.3).

5. The linear absorption coefficient

The consideration of linear absorption spectra is of

particular importance since their detailed analysis offers a

unique way to specify all parameters of our model (cf.

[28]). The computation of linear absorption spectra of

molecular systems represents a standard task (cf. e.g. [5])

and is based on the following expression:

aðvÞ ¼
4pvnmol

"c
Re

ð1
0

dt eivtCd–dðtÞ: ð25Þ

Here, nmol denotes the volume density of the absorbing

molecules. The given formula relates the frequency

dependent absorbance to the half-sided Fourier-trans-

formed dipole–dipole correlation function given by

Cd–dðtÞ ¼ tr Ŵeq½m̂ðtÞ; m̂�2
	 
� �

disorder
: ð26Þ

The trace covers the summation with respect to all

molecule–semiconductor system states. Averaging with

respect to structural and energetic disorder was

also introduced, symbolized by k . . . ldisorder. The thermal

equilibrium state of the system before photo absorption is

characterized by the statistical operator Ŵeq ¼ R̂gjwglkwgj,

describing vibrational equilibrium (with density operator

R̂g) in the electronic ground-state. The time-dependence

of the dipole operator m̂ðtÞ has been induced by the

Hamiltonian Hmol–sem, equation (5). In the following, we

only account for random orientation of the molecules

(leading to the well-known prefactor 1/3). Since non-

Condon effects are of less importance for our further

treatment we may write (cf. equation (6))

Cd–dðtÞ ¼
1

3
jdegj

2
trvib kweje

2iHmol–semt="R̂gjwel
n

� kwgje
iHmol–semt="jwgl

o
: ð27Þ

The trace trvib{··} has to be taken with respect to the

vibrational states and anti-resonance contributions (res-

onances at negative frequencies) have been neglected.

Introducing the Green’s operator, equation (19) and

notice ĜeeðtÞ ¼ kwejĜðtÞjwel we get

2iQðtÞCd–dðtÞ ¼
1

3
jdegj

2
ei1gttrvib ĜeeðtÞR̂geiHgt="

n o
: ð28Þ

This expression can be used as the starting point of time-

domain or frequency-domain computations. The latter will

be carried out in Section 5.3. Here, we present a time-domain

description of the linear absorbance. Therefore, we

concentrate on a situation where only the vibrational

ground-state xg0 of the electronic ground-state is populated

(low temperatures or exclusively high-frequency vibrational

modes or both). Then, the tracewith respect to thevibrational

states in equation (28) can be written as

trvib ĜeeðtÞR̂geiHgt="
n o

¼ kxg0jĜeeðtÞjxg0l

;2iQðtÞkxg0weje
2iHmol–semt="jwexg0l;

ð29Þ

indicating that the state vector jwexg0l has to be propagated

under the action of the complete Hamiltonian Hmol–sem,

equation (5) (the absence of any ground-state excited-state

coupling in Hmol–sem, however, eliminates any ground-state

contribution). We introduce the expansion equation (11)

with respect to the electron–vibrational states jxaMljwal
(with a restricted here to e and k) and carry out the time

propagation by solving the equations (14) and (15), The

initial condition reads

CaMð0Þ¼da;ekxeMjxg0l: ð30Þ

Table 3. Comparison of charge injection times for all perylene bridge–
anchor group TiO2 systems shown in figure 4: t

ðexpÞ
inj follows from a rate

equation fit of measured transient absorption data (cf. Ref. [38]) and
1=kHET is the inverse of the HET rate, equation (24).

t
ðexpÞ
inj (fs) 1=kHET (fs)

DTBZPeZCOOHZTiO2 13 5
DTBZPeZ(CH)2ZCOOHZTiO2 10 6
DTBZPeZ(CH)2ZCOOHZTiO2 57 16
DTBZPeZP(O)(OH)2ZTiO2 28 9
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According to this treatment one obtains

kxg0jĜeeðtÞjxg0l¼2iQðtÞ
X
M

kxg0jxeMlCeMðtÞ: ð31Þ

Once this matrix element has been calculated we can carry

out the partial Fourier-transformation in equation (25) for the

absorption coefficient and get aðvÞ versus v. As it is well

known this procedure avoids any calculation of system

eigenstates and eigenfunctions. In particular, a full account

for the frequency dependence of the DOS and the transfer

integral is equivalent to a complete consideration of the self-

energy, equation (21) (which, of course, is not calculated

explicitly here).

5.1 Perylene on TiO2

The method of the foregoing section has been used to

compute the absorbance related to perylene attached via

different bridge–anchor groups to the surface of TiO2

nanocrystals. Respective experimental spectra are shown

in figure 7 for the DTBZPeZCOOHZTiO2 and the

DTBZPeZ(CH)2ZCOOHZTiO2 system as well as for

the molecule in a solvent with the respective bridge–

anchor groups. The measured spectra for the molecules in

a solvent show a vibrational progression which has been

related to a perylene in-plane CvC stretching vibration

with quantum energy of 1370 cm21 [28]. The 0–0-

transition as well as the 0–1-, 0–2-, and 0–3-transition

are clearly resolved. The solvent spectra have been used to

fix some internal perylene parameters (energetic position

of the excited state, vibrational energy, reorganization

energy accompanying the excitation and overall dephasing

rate, see tables 1 and 2).

Lets turn to the spectra of the molecules attached to the

TiO2 surface. For the DTBZPeZCOOHZTiO2 system

the vibrational progression found in the solvent is lost in

the adsorbed state and an almost structureless absorption

band appears instead. In contrast, the systems of

DTBZPeZ(CH2)2ZCOOHZTiO2 retains the vibrational

progression in the adsorbed states but with the 0–1

transition becoming stronger than the 0–0 transition. The

trend observed in the absorption spectra, i.e. the different

degrees of broadening, for the surface attached case

follows the intuitive expectation based on the molecular

structure of the different bridge–anchor groups (figure 4).

As indicated in figure 7, the solvent spectra as well as

those for the case of perylene attached to TiO2 could be

rather well reproduced what gave the basis to fix all

parameters as presented in tables 1 and 2. Notice also that

the replacement of �N by a frequency dependent DOS does

not change the spectra (cf. Ref. [29]), indicating the

validity of the wide-band approximation at the present

mid-band position of the injection level.

5.2 Charge injection near the band edge

The results of the foregoing section are confronted in

figure 8 with the absorption spectra one obtains if the

charge injection would take place near the lower band-

edge. Since no other data are available at the moment we

again use the parameters derived for the perylene–TiO2

system with the only exception that the injection position

"1e has been moved towards the lower conduction band

edge. Moreover, a common frequency-dependent DOS

N ðVÞ ¼ n
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
"V2 "1con

p
ð32Þ

has been used (normalized to �N ¼ 2/eV in the energy

interval from the band edge up to 1 eV higher, cf. [29]).

The spectra display the increasing resolution of the

vibrational progression when moving with the injection

position "1e near and below the band-edge. In any case,

the maximum of the absorbance is more than 0.1 eV below

the respective value of "1e indicating the effect of the band

continuum induced shift of the excited electron–

vibrational molecular levels (see the subsequent section).

5.3 Frequency domain description

We change to the direct computation of the absorption

coefficient in the frequency-domain. This will offer a

simple picture of the influence of the excited molecular

state conduction band coupling, which is rather hidden in

the time-dependent description. We make use of the

Green’s operator technique introduced in Section 5 and
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Figure 7. Rescaled linear absorption spectrum of the DTBZPeZCOOH
system (upper panel) and the DTBZPeZ(CH2)2ZCOOH system (lower
panel). Dotted lines, experimental data for the system in the solvent;
dashed-dotted lines, experimental data for the system adsorbed at a TiO2

surface; dashed lines, calculated data for the system in the solvent; and
full lines, calculated data for the system adsorbed at a TiO2 surface (for
the used parameters see tables 1 and 2).
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explained in detail in Appendix A. Noting equation (28) for

the dipole–dipole correlation function and carrying out an

expansion of R̂g with respect to the vibrational eigenstates

xgN what results in R̂g ¼
P

Nf ð"vgNÞ jxgNlkxgN j ( f is the

respective thermal distribution), we obtain

trvib ĜeeðtÞR̂geiHgt="
n o

¼
X
N

f ð�vgNÞe
ivgN t

£
X
K;L

kxgN jxeKlGeK;eLðtÞkxeLjxgNl:

ð33Þ

If inserted into equation (28) and afterwards into equation

(25), the calculation of the time-integral gives

aðvÞ ¼ 2
4pvnmoljdegj

2

3"c

X
N;K;L

f ð"vgNÞ

£ ImðkxgN jxeKlGeK;eLðvþ 1g þ vgNÞ

� kxeLjxgNlÞ: ð34Þ

The matrix elements GeK;eL have to be computed according

to equation (A18). Of course, this scheme is useful only in

such situations where only a selected number of vibrational

coordinates has to be considered.

In the wide-band approximation, equation (34) is

reduced to (cf. equation (A20)):

aðvÞ ¼
4pvnmoljdegj

2

3"c

X
N;K

f ð"vgNÞjkxgN jxeKlj
2

£
jIm �Sj

ðv2 ½1e þveK 21g 2vgN�2Re �SÞ2 þðIm �SÞ2
:

ð35Þ

The absorbance follows as an expression with Lorentzian

line-shapes for every ground-state excited-state transition.

The broadening is originated by the imaginary part of the

self-energy (cf. equations (21) and (22)), whereas the real

part of the self-energy induces a shift of the transition

frequencies and reads (P indicates that the principle part

of the integral has to be taken)

ReSðvÞ ¼
1

"2

ð
dVPN ðVÞjVeðVÞj

2

v2V
; ð36Þ

The frequency independent quantity Re �S appearing in

equation (35) is obtained in replacingv by a fixed frequency

v0, for example the actual transition frequency

1e þveK 21g 2vgN . Once, v0 is positioned around the

lower conduction band edge vcon, the integrand is mainly

negative and we expect a negative value of Re �S. This

negative shift of the transition frequencies becomes smaller

when moving v0 into a mid-band position (positive

contributions to the overall V-integral increase). Such a

behavior is confirmed by our numerical calculations based

on the time-domain formulation of the absorbance (see

figure 8).

The time-dependent formulation of the absorbance as

displayed in figure 7 is compared with the formulation in

the frequency-domain according to equation (35). There-

fore, we concentrate on the strong-coupling case (upper

panel of figure 7). The used values of �G ; jIm �Sj are taken

from table 1. To achieve complete agreement, however, a

transition frequency shift originated by "Re �S of about

20:05 eV has to be introduced. Interestingly, the

combined effect of strong line broadening and a red shift

of the transition frequencies gives the impression that the

absorbance peak for the case of perylene attached to TiO2

stays at the same position as that for perylene in a solvent.

Finally, let us estimate the effect of structural and

energetic disorder presumably present in all measured

spectra. The easiest approach here to do this is the use of

equation (35) and a restriction to fluctuations of the

excited molecular level only. Of course, fluctuations of the

molecular orientation at the surface might be possible

(leading to fluctuations of the transfer coupling) and the

surface structure of the semiconductor around the

molecular binding site might also vary. But concentrating

on the most simple case of molecular on-site disorder the

respective disorder averaged absorbance follows by

integrating equation (35) with respect to the disorder

distribution of 1e. This indicates, obviously, that the

absorption spectra of figure 7 may be affected by

inhomogeneous broadening. Then, the presented values

of �G, equation (24), and of the rate kHET of HET for the

perylene TiO2 systems (tables 1 and 2) are somewhat too

large. Noting, however, the data in table 3 the differences

between 1=kHET and the injection times measured via

transient absorption data which are less affected by

disorder may be diminished.

5.4 Contributions of charge transfer states

In order to be complete, we next consider charge transfer

state contributions to the absorbance. Here, however, the

discussion stays on a rather general level without the

1.2 1.6 2 2.4 2.8 3.2
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Figure 8. Rescaled linear absorption spectra of a fictitious molecule at
the TiO2 surface that can change the injection position "1e. Solid line,
"1e ¼ 2.79 eV (corresponding to DTBZPeZCOOH); dashed line,
"1e ¼ 2.39 eV; dashed-dotted line, "1e ¼ 2.19 eV; thin solid line,
"1e ¼ 1.79 eV; and thin dashed line, "1e ¼ 1.69 eV (for all other
parameters see table 1).
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presentation of any numerical results. We notice equation

(7) which defines the respective part of the overall dipole

operator (note that it represents an additional assumption

that the intra-molecular excitation and the charge transfer

state contribution are originated by the same ground-state

of the molecule [39]). In similarity to equation (27), we

obtain for the dipole–dipole correlation function (note

that a and b cover e and k)

Cd–dðtÞ ¼
1

3

X
a;b

d*
agdbg

trvib kwaje
2iHmol–semt="R̂gjwblkwgje

iHmol–semt="jwgl
n o

:

ð37Þ

After introducing Green’s operator electronic matrix

elements the trace expression is expanded with respect to

the vibrational states xgM and xaMða ¼ e; kÞ. It yields:

ei1gttrvib ĜabðtÞR̂geiHgt="
n o

¼
X
M

f ð"vgMÞe
ið1gþvgM ÞtkxgMjĜabðtÞjxgMl

¼
X
M;K;L

f ð"vgMÞe
ið1gþvgM ÞtkxgMjxaKlGaK;bLðtÞkxbLjxgMl:

ð38Þ

If inserted into equation (25) for the absorbance we obtain

aðvÞ ¼2
4pvnmol

3c"

Im
X
M;K;L

f ð"vgMÞkxgMjxeKlkxeLjxgMl

 

d*
egdegGeK;eLðvþ 1g þ vgMÞ

þ
X
M;K;L

f ð"vgMÞkxgMjxionKlkxeLjxgMl

X
k

d*
kgdegGkK;eLðvþ 1g þ vgMÞ

þ
X
M;K;L

f ð"vgMÞkxgMjxeKlkxionLjxgMl

X
q

d*
egdqgGeK;qLðvþ 1g þ vgMÞ

þ
X
M;K;L

f ð"vgMÞkxgMjxionKlkxionLjxgMl

X
k;q

d*
kgdqgGkK;qLðvþ 1g þ vgMÞ

!
: ð39Þ

The first term proportional to d*
egdeg reproduces the

absorption coefficient according to equation (34) where

only the intra-molecular excitation has been accounted for.

In contrast, the fourth term proportional to d*
kgdqg

generates the absorbance exclusively determined by direct

charge transitions into the semiconductor band. The

mixing of both transitions is included in the second and

the third term. In particular, equation (39) indicates that

the contribution of the intra-molecular transitions

discussed in the foregoing sections is superimposed by

an additional broad band.

6. Two-photon photon emission spectra

After having discussed frequency domain spectra, we

shortly indicate in the following how to calculate a

particular type of transient spectra. Transient spectra may

be related to an optical transition from the cationic ground

state into an excited cation state. But also transitions

addressing other product state are of interest. For example,

such transitions may lift the injected electrons from the

different states at the surface of the semiconductor into

quasi-free electronic states above the vacuum level. There,

the corresponding kinetic energy distribution of the

emitted electrons is detected.

This type of pump-probe measurement is labeled as

two-photon photo emission process and has been used as a

method to characterize the temporal evolution of the

injected electron in the semiconductor. Here, we present a

preliminary description based on the injection dynamics

studied in Section 4. The description includes a complete

account of the laser-pulse with field-strength E1 initiating

charge injection in the time-dependent Schrödinger

equation. In contrast, the photoemission caused by the

second laser-pulse with field-strength E2 will be described

in perturbation theory. Accordingly, the state of the system

corresponding to the action of E2 can be written as (see,

for example [5]):

jCð1ÞðtÞl ¼
i

"

ðt
t0

d�tUðt; �t;E1Þm̂E2ð�tÞjCð�t;E1Þl: ð40Þ

This is a first-order perturbation theory expression with

respect to the photo emission process but it accounts in all

orders for the action of the first pulse indicated by a

dependence of the wave function C and the time-evolution

operator U on E1. The calculation of C has been described

in Section 4. Here, we concentrate on an analysis of Cð1Þ,

equation (40). First, we assume non-overlapping pulses,

i.e. U can be replaced by the field-independent expression

expð2iHmol–semðt2 �tÞ="Þ. Moreover, we neglect direct

molecular contributions and expand Cð1Þ with respect to

the states fð2Þ
k characterizing the freely moving electron

(cf. Section 3). It follows

xkðtÞ ¼
i

"

ðt
t0

d�tei1kðt2�tÞE2ð�tÞ

� eiHionðt2�tÞ=" fð2Þ
k jm̂jCð�t;E1Þ

� �
: ð41Þ

The function xkðtÞ is obtained as kfð2Þ
k jCð1Þðt;E1Þl and

describes the distribution of the emitted electron versus the

quasi-free states fð2Þ
k (with energies "1k) and the

vibrational state of the molecular cation.

A detailed description of the charge injected state C can

be achieved with the tight-binding model, i.e. using the

atomic orbital basis for the semiconductor part. As a first

estimate, here we take the states wk and also assume an

impulse excitation (E2ð�tÞ ¼ E2ðt2Þt2dð�t2 t2Þ with the
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pulse duration t2):

xkðtÞ ¼
i

"
Qðt2 t2Þe

i1kðt2t2ÞE2ðt2Þt2

£
X
kM

fð2Þ
k jm̂jwk

� �
eivion Mðt2t2ÞCkMðt2ÞxionM: ð42Þ

If we further use simple plane waves for the description of

the emitted electron and assume kfð2Þ
k jm̂jwkl , dk;k the

overall free electron distribution becomes

PðvacÞ
k ¼ kxkðtÞjxkðtÞl ,

X
M

jCkMðt2Þj
2
: ð43Þ

We note equation (17) and write

P ðvacÞ ¼
X
k

PðvacÞ
k , PionðtÞ: ð44Þ

If dispersed with respect to energy "V, we may conclude

that P ðvacÞðVÞ is proportional to the energetic distribution

PelðV; t2Þ, equation (18) of the injected electron vs. the

band states already drawn in figure 6. Notice in this

connection that vibrational signatures become observable

although the ET proceeds on a time-scale even below 10 fs.

7. Femtosecond laser pulse control

Laser pulse guided molecular dynamics within closed loop

control experiments represents one frontier in ultrafast

optical spectroscopy (for a recent overview see [40,41]).

The whole research field is based on the vision to tailor

femtosecond laser pulses in the optical and infrared region

in order to drive the molecular wave function in a desired

way. For the case of HET, we discussed in Ref. [27] the

control of the vibrational motion in the excited molecular

state. However, the strong coupling of this level to the

semiconductor band continuum suppressed any efficient

manipulation of the vibrational motion. More efficient has

been the control of the electronic ground-state vibrational

states.

For the control to be discussed here it suffices to use a

scheme of laser pulse control of molecular dynamics

where one asks to realize a certain state jCtarl (the target

state) at time tf (final time of laser pulse action) [42]. As it

is well known, the laser pulse which solves this type of

control task (the optimal pulse) can be derived from the

extremum of the following functional (cf. e.g. [5,43])

Jðtf ;EÞ ¼ jkCtarjCðtf Þlj
2
2

1

2

ðtf
t0

dt lðtÞE2ðtÞ: ð45Þ

This functional tries to realize a maximal overlap of the

laser-pulse driven wavefunction jCðtf Þl at time tf with the

target state under the constraint of a finite field-strength of

the pulse. In order to determine the extremum of Jðtf ;EÞ,

one fixes the penalty factor l instead of the whole field-

pulse intensity. Therefore, it is only possible to establish a

relationship between the intensity and l after the control

problem has been solved. But equation (45) indicates that

an increase of l should result in a decrease of the pulse

intensity. The time-dependence of the Lagrangian

multiplier lðtÞ ¼ l0 sin22ðpt=tf Þ has been introduced to

realize a smooth switch on and switch off of the pulse at

time t0 and tf , respectively.

The optimal pulse is obtained as the solution of the

following functional equation (resulting from dJ ¼ 0)

EðtÞ ¼ 2
2

"lðtÞ
Im{kCðtf ÞjCtarlkQðtÞjm̂jCðtÞl}: ð46Þ

While jCðtÞl is obtained by the propagation of the

Schrödinger equation starting with the initial value jC0l,
the state vector jQðtÞl follows from a backward propagation
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Figure 9. Laser pulse control of the vibrational motion in the electronic
ground-state. Variation of the injection position "1e into the band
continuum. Upper panel, control efficiency vs. the number of iteration
steps; solid line, "1e ¼ "1con (band-edge injection); dashed line,
"ð1e 2 1conÞ ¼ 1 eV; middle panel, level population Pg (solid line); Pe

(dashed line); and Pion (dashed-dotted line) vs. time for the band-edge
injection position; and lower panel, temporal behavior of the optimal
pulse for the band-edge injection position.
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starting at tf with the “initial” value jCtarl. The notation of

the functional equation for the optimal pulse via a forward

and a backward wavefunction propagation allows to

formulate an efficient iteration scheme [44,45].

Figure 9 displays the results of a control task where the

target state Ctar is given by the vibrational ground-state

xg0 in the electronic ground-state but shifted away from its

equilibrium position (Qshift ¼ 21, for more details see

Ref. [27]). Therefore, the control pulse introduces an

excitation into the excited electronic level and back into

the ground state (pump–dump scheme of laser pulse

control, middle panel of figure 9). Since excitation and

deexcitation covers a 20 fs interval, the coupling to the

continuum does not restricts the overall control yield

(upper panel of figure 9). The dependence on the injection

position, however, indicates that the control is more

efficient for a near band-edge injection position.

8. Conclusions

The present paper gives a survey of our recent theoretical

studies on ultrafast HET with emphasis on perylene on

nano-structured TiO2 and also introduces some extensions.

The approach accounts for molecular degrees of freedom

as well as the band continuum of the semiconductor and

allows to describe different spectroscopic excitation and

detection processes. Such a uniform description of

initiation, progression and detection of HET required the

use of a reduced dimensionality model. Since the studied

HET proceeds on a femtosecond time-scale, the respective

time-dependent Schrödinger equation governing the

electron–vibrational wave function is solved. All par-

ameters of the used model could be specified by a

comparison with measured steady state absorption spectra.

Some preliminary considerations have been also presented

on how to relate the energetic distribution of the injected

electron to two-photon photon emission signals. In this

connection, we underline the possible observation of

vibrational signatures in the two-photon photon emission

signal although the ET proceeds on a 10 fs time-scale.

Some speculations on femtosecond laser pulse control of

the injection process have been given finally.

Although we consider the achieved description of

ultrafast HET as rather complete there are different routes

for further investigations. Of course, the used model might

be extended in different respects, for example, by

including further intra-molecular vibrational modes.

However, there are no direct hints for an improved

understanding of existing experimental data when doing

this. More important would be an extension of the present

studies to a picosecond time-scale. It requires the

inclusion of different dissipation channels in particular

the consideration of electron relaxation vs. the conduction

band states via electron–phonon scattering. As an

additional challenge, we consider the further theoretical

elaboration of two-photon photon emission processes at

surfaces. Respective studies are in progress.
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Appendix A: The molecule–semiconductor Green’s

operators and their matrix elements

The Greenś operator corresponding to the overall time-

evolution operator (without the field part) has been

introduced in equation (19). It obeys the following

equation of motion:

i"
›

›t
ĜðtÞ ¼ "dðtÞ þ Hmol–semĜðtÞ: ðA1Þ

For further computations, it is advisable to carry out a

Fourier-transformation

ĜðvÞ ¼

ð
dt eivtĜðtÞ; ðA2Þ

resulting in

v2 Hmol–sem="
� �

ĜðvÞ ¼ 1: ðA3Þ

To distinguish between the molecular levels a ¼ g; e and

the conduction band states we introduce the projection

operators

P̂a ¼ jwalkwaj; ðA4Þ

and

P̂sem ¼
X
k

jwklkwkj: ðA5Þ

They obey

P̂g þ P̂e þ P̂sem ¼ 1: ðA6Þ

We define (the contribution of the molecular ground-state

is of no interest) Ĝe;eðtÞ ¼ P̂eĜðtÞP̂e, Ĝe;semðtÞ ¼ P̂eĜðtÞ

P̂sem, Ĝsem;eðtÞ ¼ P̂semĜðtÞP̂e and Ĝsem;semðtÞ ¼ P̂semĜðtÞ

P̂sem, what will be used in the computations below.

A.1 Computation of the molecular Green’s operator

We note equation (A3) and derive an equation for Ĝe;e

P̂e v2 Hmol–sem="
� �

ðP̂g þ P̂e þ P̂semÞĜðvÞP̂e ¼ P̂e;

ðA7Þ

which can be written as (notice that P̂g does not

contribute)

v2 1e 2 He="
� �

Ĝe;eðvÞ

2 P̂eHmol–sem="P̂semĜsem;eðvÞ ¼ P̂e: ðA8Þ
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The quantity Ĝsem;e obeys

0 ¼ P̂sem v2 Hmol–sem="
� �

� P̂g þ P̂e þ P̂sem

� �
ĜðvÞP̂e

¼ 2P̂semHmol–sem="P̂eĜe;eðvÞ

þ v2 Hsem="
� �

Ĝsem;eðvÞ: ðA9Þ

We introduced Hsem ¼ P̂semHmol–semP̂sem and define

Ĝ
ð0Þ21

sem ðvÞ ¼ v2 Hsem=": ðA10Þ

It yields

Ĝsem;eðvÞ ¼ Ĝ
ð0Þ

semðvÞP̂semHmol–sem="P̂eĜe;eðvÞ: ðA11Þ

If inserted into the equation for Ĝe;e it follows

v2 1e 2 He=" 2 P̂eHmol–sem="P̂sem

�
£Ĝ

ð0Þ

semðvÞP̂semHmol–sem="P̂e

�
Ĝe;eðvÞ ¼ P̂e: ðA12Þ

We analyze the extra term which depends on Hmol–sem and

get

P̂eHmol–sem="P̂semĜ
ð0Þ

semðvÞP̂semHmol–sem="P̂e

¼
1

"2

X
k

jVe;kj
2

v2 1k 2 Hion="þ ie
P̂e

; S v2 Hion="
� �

P̂e: ðA13Þ

In the last part, the self-energy according to equation (21)

has been used (note its dependence on Hion). Its separation

into the real an imaginary part results in

ReSðvÞ ¼
1

"2

X
k

P jVe;kj
2

v2 1k
; ðA14Þ

and

ImSðvÞ ; 2GðvÞ ¼ 2
p

"2

X
k

jVe;kj
2
dðv2 1kÞ: ðA15Þ

Finally, this all gives the excited-state molecular Green’s

operator as

Ĝe;eðvÞ ¼
P̂e

v2 1e 2 He=" 2 Sðv2 Hion="Þ þ ie
:

ðA16Þ

In order to calculate the vibrational matrix elements of

Ĝe;eðvÞ, we use equation (A12) and obtain

kwexeK j v2 1e 2 He=" 2 S v2 Hion="
� �� �

£ Ĝe;eðvÞjwexeLl ¼ dK;L: ðA17Þ

It results in

ðv2 1e 2 veKÞGeK;eLðvÞ

2
X
M

kxeK jS v2 Hion="
� �

jxeMlGeM;eLðvÞ ¼ dK;L; ðA18Þ

with the self-energy matrix elements

kxeK jS v2 Hion="
� �

jxeMl

¼
X
N

kxeK jxionNlSðv2 vionNÞkxionN jxeMl: ðA19Þ

There are two limiting cases resulting in a simple expression

for GeK;eLðvÞ. First, let us assume that the reorganization

energy for the charge injection is small. Then, we may

conclude kxionN jxeMl < dN;M , what results in kxeK jSðv2

Hion="ÞjxeMl < dK;MSðv2 vionKÞ and, thus, in

GeK;eLðvÞ ¼
dK;L

v2 1e 2 veK 2 Sðv2 vionKÞ þ ie
:

ðA20Þ

A similar expression is found in the framework of the so-

called wide-band approximation where any frequency

dependency of the self-energy is neglected. This leads to a

formula equivalent to equation (A20) but with the

replacement of Sðv2 vionKÞ by the frequency independent

expression �S.

A.2 Computation of the semiconductor Green’s operator

We proceed similar to the foregoing section and get

P̂sem v2 Hmol–sem="
� �

P̂g þ P̂e þ P̂sem

� �
£ ĜðvÞP̂sem ¼ P̂sem; ðA21Þ

or

v2 Hsem="
� �

Ĝsem;semðvÞ2 P̂semHmol–sem="P̂e

£ Ĝe;semðvÞ ¼ P̂sem: ðA22Þ

The quantity Ĝe;sem obeys

P̂e v2 Hmol–sem="
� �
� P̂g þ P̂e þ P̂sem

� �
ĜðvÞP̂sem

¼ v2 1e 2 He="
� �

Ĝe;semðvÞ

2 P̂eHmol–sem="P̂semĜsem;semðvÞ

¼ 0: ðA23Þ

We define

Ĝ
ð0Þ21

e ðvÞ ¼ v2 1e 2 He=" ðA24Þ
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and get

Ĝe;semðvÞ ¼ Ĝ
ð0Þ

e ðvÞP̂eHmol–sem="P̂semĜsem;semðvÞ:

ðA25Þ

If inserted into the equation for Ĝsem;sem, it follows

v2 Hsem="
�
2P̂semHmol–sem="P̂eĜ

ð0Þ

e ðvÞP̂eHmol–sem="P̂sem

�
Ĝsem;semðvÞ ¼ P̂sem: ðA26Þ

We analyze the extra term which depends on Hmol–sem and

obtain

P̂semHmol–sem="P̂eĜ
ð0Þ

e ðvÞP̂eHmol–sem="P̂sem

¼
1

"2

X
k;q

VkeVeq

v2 1e 2 He="þ ie
jwklkwqj

; L̂ v2 He="
� �

: ðA27Þ

To compute vibrational state matrix elements, we may

deduce

kwkxionK j v2 1k 2 Hion=" 2 L̂ v2 He="
� �� �

£ Ĝsem;semðvÞjwqxionLl ¼ dkK;qL: ðA28Þ

It results in

ðv2 1k 2 vionKÞGkK;qLðvÞ

2
X
p;M

kwkxionK jL̂ v2 He="
� �

jwpxionMlGpM;qLðvÞ

¼ dkK;qL: ðA29Þ

The L-operator matrix elements are obtained as

kwkxionK jL̂ v2 He="
� �

jwpxionMl

¼
X
N

kxionK jxeNl
VkeVep

v2 1e 2 veN þ ie
kxeN jxionMl

; VkelKMðvÞVep ðA30Þ

with

lKMðvÞ ¼
X
N

kxionK jxeNlkxeN jxionMl
v2 1e 2 veN þ ie

: ðA31Þ

In the limit of small reorganization energy for the ground-

state ionized-state transition one may deduce

lKMðvÞ <
dK;M

v2 1e 2 veK þ ie
: ðA32Þ

This all yields

ðv2 1k 2 vionKÞGkK;qLðvÞ

2
X
p;M

VkelKMðvÞVepGpM;qLðvÞ ¼ dkMK;qL:
ðA33Þ

Finally, we present mixed Green’s operator matrix

elements. We note equation (A11) and get

ĜkK;eLðvÞ ¼ kwkxionK jĜ
ð0Þ

semðvÞP̂semHmol–sem="P̂e

£ ĜeðvÞjwexeLl

¼
Vke="

v2 1k 2 vionK þ ie

X
M

kxionK jxeMlGeM;eLðvÞ:

ðA34Þ

In the same manner, we may derive

ĜeK;qLðvÞ ¼ kwexeK jĜ
ð0Þ

e P̂eHmol–sem="P̂sem

£ ĜsemjwqxionLl

¼
X
p;M

Vep="

v2 1e 2 veK þ ie
kxeK jxionMlGpM;qLðvÞ:

ðA35Þ
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