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Abstract

Ultrafast heterogeneous electron transfer (HET) between a molecule attached to a semiconduc-
tor 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
Schrodinger 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 TiOs 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 TiOs, steady state linear absorption,

molecular Green’s function, two—photon photon emission spectrum, laser pulse control,
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I. INTRODUCTION

Electron transfer (ET) represents a ubiquitous phenomenon 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 op-
tical 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 TiOs 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 TiO, thus realizing a mid-band charge injection situation. 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-TiOy system [24-29]. To account for the optical excitation, for subse-
quent electron—vibrational quantum dynamics, the formation of an electron distribution

in the semiconductor band continuum, its detection by two—photon photon emission spec-
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troscopy, 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 contin-
uum. Such considerations, however, 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 sim-
ulations have been presented in [33, 34]. So far, however, these sophisticated computations
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 III with a specification in Section III A to the simple charge transfer
model used for the perylene-TiO, system so far. The way to simulate femtosecond charge
injection dynamics is explained in Section IV and illustrated with some results valid for
perylene on TiOs. In Section V 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 VII.

II. 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 Ep + Up(Q) and that
of the acceptor state as E4 + Ua(Q). (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 Ep or F4. () denotes the set of vibrational coordinates.) As it is well known,
the electronic coupling strength Vp4 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
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FIG. 1: PES of the molecule semiconductor system FE, + U, versus a single vibrational coordinate
Q@ (the vertical position of the PES is determined by the electronic energy E,, here without the
inclusion of the vibrational zero—point energy). a = g and a = e correspond to the ground and
excited state of the molecule, whereas a = k characterizes the semiconductor conduction—band
states. The grey box indicates the continuum of band states starting at the lower band edge with
energy Feon. The position of the excited state PES E. + U, drawn by a full line is typical for

perylene on TiO9 where as that drawn by a dashed line resembles a near band—edge position.

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 Fig. 1, where we reduced the
description to the presence of the electronic ground-state and a single excited state of the
molecule with PES E, + U,(Q) and E. + U.(Q), respectively. The semiconductor 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 degenerate
with the excited molecular level. Thus, the accepting levels of the ET are formed by the
continuous band-structure Ey 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
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same time the vibrational motion of the ionized molecule is determined by its cationic PES
denoted in Fig. 1 as Ui,,. Therefore the complete PES Eyx + U, form a continuum, too,
indicated by the shaded area in Fig. 1 (see also Section IIT A).

A HET scheme characterizing exclusively the electronic levels is given in Fig. 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 superposition 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 surface attached
molecule, with the energetic position F, of the electronic ground-state and E. of the first
excited state indicated. The wells in the right part of Fig. 2 are those formed by the various
atoms of the semiconductor cluster. Here, the energetic positions E,,,, of the highest occupied
and FE,,, of the lowest unoccupied atomic orbitals are drawn (m is the site-index and counts
the various atoms, the level indices p and v 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
Fig. 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
Fig. 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 TiO5 one has to consider ET in terms
of vibrational wave packets. The fs—photo excitation results in a vibrational wave packet in
the PES U, 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 P, will be smooth and structureless. But P, should show oscillations superimposed,
if the injection level is in a near band edge position (dashed curve in Fig. 1). This results

from the fact that in this case only a part of the donor PES crosses with the multitude of
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FIG. 2: Electronic levels of the molecule-semiconductor system according to a description by a
one—dimensional pseudo potential V(z). The left potential well belongs to the surface attached
molecule and includes the ground-state with energy F, and the excited state with energy E,.. The
following wells correspond to the atoms of the semiconductor at sites m with atomic orbital energies
E,, (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.

acceptor PES.

Lets turn back to HET with the molecular injection level in a rather mid—band position.
For this case Fig. 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
FEyx + Uion of the band continuum which have been drawn in the figure are degenerated with
the levels of the molecular PES E.+U,. 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. Consequently,
electronic band states of the semiconductor are populated around the injection energy E.
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 F, reflecting the
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FIG. 3: PES E. + U, of the excited molecular state (left) and some selected PES Eyx + Ujon

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.

vibrational progression of the molecule but, now, with a broadening which also reflects the
strength of transfer coupling (see Section IV A).

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 V). Neglecting
vibrational contributions first we arrive at the scheme of a single excited molecular level
(with energy E.) coupled to the continuum of conduction band levels (with energy E).
Accordingly one expects a shift and a broadening of the molecular absorbance. Taking the
vibrational degrees 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 substantiated in the following section by
respective quantitative consideration based on a uniform theory of photoinduced ultrafast

HET.
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III. THE MODEL

The consideration of the molecule-semiconductor system is based on a diabatic—state
like description distinguishing between molecular and semiconductor states (cf. Fig. 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 ¢, for the neutral one and as qS((f) for
the states of the molecular cation. The quantum number a counts the different levels with
a = g for the ground-state a = e for the first excited state (S;—state) and, if necessary,
a = 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 ¢.x
where « 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 |v) (in the
most simple view it can be considered as the antisymmetrized product state formed by the
various single electron valence-band state functions ¢,x). 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
uS;,}, with energies E,,,, and with the transfer coupling 7}, »,. The notation accounts for
the site m of the atom and its orbital p 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 intro-
duce (antisymmetrized) electronic product states |¢,)|v) and |¢((z+)>|u§{,2> The first type
describes the system before charge injection and the latter type corresponds to the states
after charge injection. Here, ]ugg,b has to be understood as a many-—electron state with the
injected excess electron in the atomic orbital uﬁ,f,} (the many—electron state could be given
by the antisymmetrized product of uﬁn‘,} and |v)).

If we expand the total Hamiltonian H,,o_sem 0Of the molecule—semiconductor system with

http://mc.manuscriptcentral.com/tandf/jenmol
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respect to these product states we obtain

Hiol-sem = Z (Ev + E, + Ha) |¢a7 ’U> <U’ ¢a|

a

T3 D" (o (B + B + B 4 EL)

a mpu,nv

F o) 05 b)) (), 05|

3N (Vasmwltas v)(uli) 687 + hc) (1)

a bnv

This expression needs some comments. First, notice that F, is the energy of the filled valence
states which serves as a reference energy. Moreover, the E, + H, characterize the neutral
molecule with E, as the electronic energy at the equilibrium configuration of the respective
nuclear coordinate PES, here, plus the zero—point energy. Correspondingly, H, denotes the
respective vibrational Hamiltonian which spectrum starts at zero energy. The vibrational
eigenstates are denoted as x, (M comprises the vibrational quantum numbers). After
charge injection the molecular cation is described by ESY + HEP defined in a identical way
as for the neutral molecule. These molecular energies are combined with the energies E(])
of the atomic orbital occupied by the injected electron (all related to the reference energy
E,).

ET of the injected electron within the nano—cluster is initiated by the transfer coupling
Tpmny- The transfer coupling between the molecule and the semiconductor is accounted
for by Vi indicating transfer between the neutral molecular state ¢, and the atomic

orbital ugﬁ,)

leaving behind the cationic state ¢,()+). 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 V,,,. 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 ¢,(;) representing states which change into plane waves of a free electron
for large distances with respect to the semiconductor cluster (grey shaded area in Fig. 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 Hyol—sem, Eq. (1) has to be complemented by the standard

10
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expression
Hgea = —E)f1 . (2)

The electric field—strength is denoted by E, and i 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 semiconductor band states as well as photo ionization

transitions.

A. Reference Model

The model introduced so far will be specified in the following to the description that
we have already applied in our former studies [24-29]. Therefore, we introduce a notation
by concentrating 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 ¢, (a = g,€) and afterwards by ¢y, i.e. the following
assignment is taken: |¢q, v) — |@o) and |05, dui) — |¢x). The respective electronic energies
are he,, here with a also including the quasi-—wave vector k as an electronic quantum number
(notice that E, has been set equal to zero). It is not required to distinguish whether the
wx are bulk or surface states since we use for concrete computations the density of states

(DOS)
N(Q) =) 50— we) . (3)

Here and in the following Af) labels the semiconductor band energy. When choosing a
particular form of N (Q) it should cover all semiconductor band states in the vicinity of the

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

. Ng
- 22 4
with the level number N, in the energy interval AQ2 would be sufficient (wide-band approx-
imation).

According to what has been discussed beforehand the Hamiltonian, Eq. (1) reduces to

Hmol—sem = Z (h5a+Ha)|90a><<pa|

a=g,e,k

+3 (Vie lw) (| + hec.) . ()

k

11
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FIG. 4: Core chromophore DTB—Pe-A (di—tertiary—butyl perylene, upper panel) with bridge—
anchor groups (lower panel) in position A as studied in Ref. [28]. 1: -COOH (carboxylic acid), 2: —
(CH)2—COOH (acrylic acid), 3 <(CHz)2—COOH (proprionic acid), and 4: —P(O)(OH)s (phosphonic
acid).

For the further discussion it is useful to write the band energies hicy as hweon + Awy, with the
lower band—edge Awc,, and with Awy running over the conduction band of width AAwcen.
Again, all levels are understood as given by the minima of the related PES plus the zero—point
vibrational energy. H, and H. 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. Hio, is the one of the ionized molecule if charge injection into the conduction

band took place (earlier denoted as Héﬂ).

The related eigenvalues and vibrational wave
functions have been already introduced. Charge injection from ¢, into the manifold of
states ¢y is realized by the transfer coupling Vi, which k-dependence will be later replaced
by a frequency—dependence leading to V. (£2) (within the wide-band approximation it can
be replaced by the frequency independent, averaged quantity V).

If we assume that optical excitation exclusively takes place in the molecule between the

ground and the excited state the dipole operator introduced in Eq. (2) reads

= deg|906><909| +h.c., (6)

with the transition-dipole matrix element denoted as d.,. If a direct excitation of

conduction—band states is considered the additional contribution

fler = de9|90k> (pg] +h.c. (7)
k

has to be included (dk, might be replaced by d,(£2)).

12
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TABLE I: Parameters of the DTB-Pe-COOH system at the TiOs surface (for explanation see

text).
hee 2.79 eV
hwyip 0.16 eV
Aegs (Qe — Q) 0.116 eV, (1.7)
deg 3D
hry 0.062 eV
hgcon 1.79 eV
hAweon 6.0 eV
he 0.094 eV
Ve (N/) 0.1 eV, (2/eV)

)\ionea (Qion - Qe) 0.014 eV, (—06)

TABLE II: Parameters of the DTB-Pe—(CHj)2—COOH system at the TiO9 surface.

hee 2.79 eV
hwyin, 0.17 eV
Aeg (Qe — Q) 0.187 eV, (2.1)

deg 3D
hry 0.058

hacon 179 eV

hAAweon 6.0 eV

h 0.0213

V. (N'/h) 0.058 eV, (2/eV)

)\ionea (Qion - Qe) 0.014 eV, (—06)

B. The Perylene TiO; System

We shortly comment here on the specification of the injection model discussed in the
preceding section to the perylene TiOy system. It is based on our recent studies which

considered the steady state absorption spectra of perylene attached to TiOy nano—crystals

13
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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 [28] are shown
in Fig. 4 together with the perylene molecule. The DTB-Pe-COOH-TiO, and DTB-Pe-
(CH),-COOH-TiOs system are characterized by a stronger transfer coupling in contrast
to the DTB-Pe-P(O)(OH;),-TiOy and DTB-Pe-(CHy),-COOH-TiO, 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 I and the last mentioned system (with
the proprionic acid bridge—anchor group) in table II (the respective theoretical background
is presented in Section V). Besides the electronic parameters (excited molecular level he.,
lower conduction-band edge Aiccon, band width fweon, averaged DOS N, Eq. (4), and transfer
coupling V;) the tables contain the single vibrational frequency wy, and two reorganization
energies A (for explanation see below) as well as the energy broadening AI' introduced in
Section IV B and the the overall dephasing rate (see section V). For the transition-dipole
matrix element d, there does not exist a uniform value. We take 3 Debye (cf. [28]).

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 fiw.q, of about 0.17 ¢V (1370 cm™!) and corresponding
to an in—plane C—C 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 =g, e, ion):

Un(@Q) = R (1@~ Qu)*— 3) 8
with the vibrational frequency w,j, 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

14
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coordinate ) (the @), denote the respective equilibrium positions). Reorganization energies

for transitions among the states simply follow as

hw vib

Aab = 1 (Qu — @b)* . 9)

Once the line broadening T' (cf. Section IV B) is determined one may deduce the mean
transfer integral V.. In order to do this we used the DFT-calculations on perylene TiO,
systems of Ref. [32, 35] to estimate the mean DOS N. All this leads to rather reasonable

values of V, as given in Tables I and II (see also the further comments in Section IV B).

IV. CHARGE INJECTION DYNAMICS

Since the photoinduced dynamics are considered on a 100 fs time-window one can ne-
glect any relaxational effect. Therefore, it is sufficient to propagate the time—dependent
Schrodinger equation related to the Hamiltonian introduced in Eq. (5) together with the
field-part, Eq. (2):

zh%]\ﬂ(t» = (Hmol,sem + Hﬁeld(t))‘qj<t)> . (10)
Its solution is based on an expansion with respect to the diabatic electron—vibrational states

XaM Pa (@ = g,e,k):

V(1) = Camt(®)lxarr)la) - (11)

aM

The given state expansion is fairly standard except for the presence of the band continuum
leading to a continuous set Cyps(t) of expansion coefficients. We will tackle this problem as
described in [24-29]. Therefore, the k—dependence of the Cyps(t) is replaced by a frequency
dependence leading to the quantities Cj/(€2;t). They will be expanded by the functions
u,-(Q2) forming an orthogonal set. The latter is complete with respect to the energy range of
the conduction band, here characterized by the frequency interval [0, Aweon| (from the lower

to the upper conduction band—-edge). This allows us to write
Car(Q1) = D u(QCH (1) - (12)

An appropriate truncation of the infinite sum leads to a finite set of expansion coefficients

().

15

http://mc.manuscriptcentral.com/tandf/jenmol



©CoO~NOUTA,WNPE

Page 16 of 43

Accordingly, the coupled equations of motion for the expansion coefficients C,j; intro-

duced in Eq. (11) take the following form:

P .
57 Com () = —i(Eg/h+war)Con ()
1
B0 3 (o) Cor()
(13)
0
5, Cent(t) = —i(Ee/h+war)Con (1)

1

+3B(t)deg ) (Xenr|xon) Con (1)

N

l

_ﬁ Zp: %: <XeM|XionN> < N‘/@ Up >0

xCP(t) (14

and
a r . r
SO () = —ilB/h+wu)CH()
_Z'Z < Qu,u, >q C‘](\?)(t)
p

—% %: <u, Vo, >q <XianM|X6N>
XCEN<t) . (15)

The bracket < ... >q denotes frequency integration according to < u,u, >o= fOAwCO“ ds?
ur()uy(2) = 0,.,. This relation also indicates orthonormalization of the functions w,(€2).
The expressions < N'V, u, >q and < u, V, >q 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
u,. It is given by the Legendre polynomials P, according to the identification u,.(£2) =
V (2r +1)/Aweon Pr(2(Q)) with 2(Q) = 2Q/Aweon — 1. The necessary number of the poly-

nomials did not exceed 200 whereas the upper vibrational number was M = 22. Such a
large number of polynomials is necessary to achieve convergence with respect to the broad
frequency distribution of the expansion coefficients Eq. (12) (see also Fig. 6).

Once the Egs. (13) — (15) have been solved different observables can be computed. The
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populations of the molecular states follow as (a = g, ¢)
Po= Y 1Cn (O (16)
M
That of the ionized state my be obtained from P, (t) =1 — P, — P, or directly as
Pion(t) = Z |Crar(D))? = /dQ N(Q)Py(Q;1) . (17)
Kk, M
Here we introduced the distribution versus the band states

Pa(t) =Y |Cur (1))

M

=Y u(@Quy () Y (Pt (18)

M

Notice that P.(£2;t) may become larger than 1 for particular values of Q. The relation

Pon < 1, however, is guaranteed by the concrete form of the DOS NV (Q).

A. Femtosecond Photoinduced Electron Transfer

In order to characterize the ultrafast charge injection process we present the solution of the
time—dependent Schrodinger equations (13) — (15) starting at the vibrational ground-state
Xgo 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 < NV, u, >q and
< u, V. >q in Egs. (14) and (15) by 5,3,0\/%/\7‘76 and (5T70\/m176, respectively.

Resulting charge injection dynamics related to two of the four bridge-anchor groups
described in Section IIIB (cf. Table I and II) are displayed in Fig. 5. In the strong—
coupling case the excited—state population P, 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 P,,. 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 Py (€2;t) of the electron in the band continuum, Eq. (18). Results
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FIG. 5: Electronic level population after a 10 fs (FWHM) laser pulse excitation. Upper panel: the
DTB-Pe-COOH system (for parameters see Table I), lower panel: the DTB-Pe-(CH;);~COOH
system (for parameters see Table II). Solid line: ground-state population P, of the molecule,
dashed line: excited—state population P, of the molecule, dashed—dotted line: population P, of
the ionized molecular state (what equals the total conduction band population), dotted line: shape

of the laser pulse envelope (arbitrary units).

are shown in Fig. 6 for the two bridge-anchor groups presented in Fig. 5. It has already
been indicated in Ref. [24] that P, (£2;¢) displays the vibrational progression of the involved
coordinate. Fig. 6 demonstrates that after a certain time interval (reflecting energy—time

uncertainty) the broad distribution decays into different peaks. They correspond to tran-
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sitions from the excited molecular state with energy he. + hw.p; into the conduction-band
continuum with energy hweo, + A2 +hwy. The possible energy values hf) in the band follow
as hee — hweon +h(wey — wy) reflecting an inelastic charge injection accompanied by the
creation or destruction of quanta of the vibrational coordinate (cf. also Fig. 3). If the
vibrational ground-state of the excited molecular state would be populated only, Py (;t)
should extend to an energy range below hAc, — Awo,. The simultaneous population of excited
vibrational states may cause also structures in Py (2;t) above he.. This would be the case
after an ultrashort optical excitation. In Fig. 6 it is less obvious since the vibrational energy
is larger than 0.1 eV (cf. Tables I and II). Notice the similarity with the linear absorbance
discussed in Section V 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
P, (Q;t) reflects the distribution of Frank—Condon overlap integrals (Xionn|Xeo0). We also
emphasize that the energetic dispersion of P,,, Eq. (17), by introducing P.(€2;t) resolves
vibrational state contributions. Those become observable although the HET proceeds on a
time scale of some femtoseconds. Analyzing exclusively P,,, such detailed information would

be not available.

B. Decay into the Band Continuum

The numerical results of the foregoing section are complemented by analytical calculations
referring to the decay of the population P.j;(t) of an excited molecular electron—vibrational
state upon charge injection (starting at ¢ = 0). These calculations will be based on the

Green’s operator

@(t) = —z'@(t)e*iHmolfsemt/h : 19)

defined by the total time—evolution operator of the molecule semiconductor system. P.p;(t)

is the survival probability of the initially prepared state, and one immediately obtains

Pou(t) = ’<90@X6M’é<t)’X6M(Pe>’2
dw _.
= | /%e_ltheM@M(w) |2 . (20)

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
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FIG. 6: Probability distribution of the injected electron Py (2;t), Eq. (18) versus the energy hf)
within the conduction band and versus time (the origin of the energy axis is given by Awcon, the
excitation conditions and parameters are identical with those of Fig. 5). Upper panel: the DTB-
Pe-COOH system (for parameters see Table I), lower panel: the DTB-Pe—(CHz)2—COOH system

(for parameters see Table II).

these computations the self-energy due to the coupling of the excited molecular level to the

band continuum appears:
|Vke
. 21
TR Z W — Ex + i€ (21)
The imaginary part of ¥(w) can be found in Eq. (A15) and will be denoted here in using

the DOS, Eq. (3), and by changing from Vi, to V.(9):

™

~InF(w) = T() = N @) V)P (22)

In the general case an analytical expression for P.j(t), Eq. (20) is hardly obtainable.
Applying, however, the wide-band approximation (where the frequency—dependence of the
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TABLE III: Comparison of charge injection times for all perylene bridge—anchor group TiOg sys-

(exp)

tems shown in Fig. 4: Tinj follows from a rate equation fit of measured transient absorption data

(cf. Ref. [38]) and 1/kpgr is the inverse of the HET rate, Eq. (24).

TP (fs) 1/kuer(fs)
DTB-Pe-COOH-TiO9 13 5
DTB—PQ—(CH)Q—COOH*TiOQ 10 6
DTB-Pe-(CHy)3-COOH-TiO 57 16
DTB-Pe-P(0)(OHz)-TiO; 28 9
self-energy is neglected) the standard expression
Py (t) = e Fuert (23)
follows with the rate of HET obtained as
o am 2T
kHET = 2Im>» =21 = EN"/Q‘ . (24)

N denotes the averaged value of the DOS, Eq. 4 and V, is the averaged transfer coupling.
Respective values have been already given in Tables I and II. (Note that this wide-band ap-
proximation suppresses any vibrational contributions.) Since the transfer coupling connects
the excited molecular state to some atoms of TiO, around the binding site of perylene only,
the used small DOS seems to be reasonable. A concrete value for A can be deduced from
the calculations of Ref. [35], since they have been restricted to rather small TiOy cluster,
i.e. to the localized states around the binding site.

Tab. III relates measured injection time constants Ti(n‘fiXp) 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 kugr, Eq. (24).
The time constants obtained from the calculations reproduce the qualitative trend of the
measured injection time constants. However, the kygr are always too small what might be

explained by the neglect of structural and energetic disorder (for a more detailed discussion

see Section V C).
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V. 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:

oo
4Twnmol

a(w) = TRe/dt e“'Cy_q(t) . (25)

Here, n,, denotes the volume density of the absorbing molecules. The given formula relates
the frequency dependent absorbance to the half-sided Fourier—transformed dipole—dipole

correlation function given by
Ca-a(t) =< tr{Weqm(t)a fi]-} >disorder - (26)

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 < ... >gisorder- The thermal equilibrium state of the system before photo absorption is
characterized by the statistical operator Weq = Ry|@,) (|, describing vibrational equilib-
rium (with density operator fig) in the electronic ground-state. The time-dependence of
the dipole operator fi(t) has been induced by the Hamiltonian H,o1_sem, Eq. (5). In the fol-
lowing we only account for random orientation of the molecules (leading to the well-known
prefactor 1/3, a somewhat more involved description is given below). Since non—Condon

effects are of less importance for our further treatment we may write (cf. Eq. (6))

1
Ca-a(t) = 5 | deg B
trv]b{ <(pe | e_iHmol—semt/hRg |(P€> <g0‘q |eiHmol—semt/h’| (pg> } .

(27)

The trace tryip{..} has to be taken with respect to the vibrational states, and anti-resonance
contributions (resonances at negative frequencies) have been neglected.

Introducing the Greens operator, Eq. (19) and notice Ge.(t) = (©|G(t)]pe) we get

. 1 i€ a D i
—10(t)Cq_q(t) = 3 | deg |2 e gttrvib{Gee(t)Rge Hgt/h} . (28)
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This expression can be used as the starting point of time-domain or frequency—domain
computations. The latter will be carried out in Section V C. Here, we present a time—-domain
description of the linear absorbance. Therefore, we concentrate on a situation where only the
vibrational ground-state x4 of the electronic ground-state is populated (low temperatures
or exclusively high—frequency vibrational modes or both). Then, the trace with respect to

the vibrational states in Eq. (28) can be written as

i Gee (1) Roe ™"} = (xg0| Gee (1) IXg0)

= —Z@(t) <Xg()(pe|e_7;HmOI_semt/h|SOeX90> ’ (29)

indicating that the state vector |p.x40) has to be propagated under the action of the complete
Hamiltonian H,o—sem, Eq. (5) (the absence of any ground—state excited—state coupling in
H 01—sem, however, eliminates any ground-state contribution). We introduce the expansion
Eq. (11) with respect to the electron—vibrational states |x.ar)|@a) (With a restricted here to
e and k) and carry out the time propagation by solving the Egs. (14) and (15), The initial
condition reads

CaM(O) S 5&,6<X6M’X90> . (30>

According to this treatment one obtains
(Xg0|Gee(t)xg0) = i) Y (Xgolxten) Cena (t) - (31)
M

Once this matrix element has been calculated we can carry out the partial Fourier—
transformation in Eq. (25) for the absorption coeflicient and get a(w) versus w. 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, Eq. (21) (which, of course, is

not calculated explicitly here).

A. Perylene on TiO»

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 TiO5 nanocrystals.
Respective experimental spectra are shown in Fig. 7 for the DTB-Pe-COOH-TiO, and
the DTB-Pe-(CH),-COOH-TiO, system as well as for the molecule in a solvent with the
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FIG. 7: Rescaled linear absorption spectrum of the DTB-Pe-COOH system (upper panel) and the
DTB-Pe-(CHz)2-COOH system (lower panel). Dotted lines: experimental data for the system in
the solvent, dashed—dotted lines: experimental data for the system adsorbed at a TiOy surface,
dashed lines: calculated data for the system in the solvent, full lines: calculated data for the system

adsorbed at a TiOg surface (for the used parameters see Tables I and II).

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 C-C stretching
vibration with quantum energy of 1370 cm™! [28]. The 0-0O-transition as well as the 0—
1-, 02—, 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
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energy, reorganization energy accompanying the excitation and overall dephasing rate, see
Tables I and II).

Lets turn to the spectra of the molecules attached to the TiO5 surface. For the DTB-Pe-
COOH-TiO, 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 DTB-Pe-(CHy)2-COOH-TiO, 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 (see Fig. 4).

As indicated in Fig. 7, the solvent spectra as well as those for the case of perylene
attached to TiOs could be rather well reproduced what gave the basis to fix all parameters
as presented in Table I and II. 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.

B. Charge Injection Near the Band Edge

The results of the foregoing section are confronted in Fig. 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-TiO,
system with the only exception that the injection position he, has been moved towards the

lower conduction band edge. Moreover, a common frequency—dependent DOS

N(Q) = v /B2 — hweon (32)

has been used (normalized to N = 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 he, 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 he. indicating
the effect of the band continuum induced shift of the excited electron—vibrational molecular

levels (see the subsequent section).
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FIG. 8: Rescaled linear absorption spectra of a fictitious molecule at the TiOy surface that can
change the injection position he.. Solid line: hie, = 2.79 eV (corresponding to DTB-Pe-COOH),
dashed line: he, = 2.39 eV, dashed—dotted line: he, = 2.19 eV, dotted line: Ae, = 1.99 eV, thin

solid line: he, =1.79 eV, thin dashed line: he, =1.69 eV (for all other parameters see Table I).
C. 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 V and explained in detail
in Appendix A. Noting Eq. (28) for the dipole—dipole correlation function and carrying out
an expansion of Rg with respect to the vibrational eigenstates x,n what results in }?ig =

Y on f(hwgn) |xgn){(Xgn| (f is the respective thermal distribution), we obtain
v Gee(£) Rye™7/"} = f (g )™
N

X Z (XgnIXer)Gerer () (XerLXgn) - (33)

K,L
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If inserted into Eq. (28) and afterwards into Eq. (25) the calculation of the time-integral

gives

a(w) _ _47Twnmolc‘ deg ‘2 Z f(hng)

3h
N,K,L
I (g [Xer) Gercen (0 + 9 + o) (et Pxan)) -
(34)

The matrix elements G.x . have to be computed according to Eq. (Al18). 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, Eq. (34) is reduced to (cf. Eq. (A20)):

AT wnmel | deg |2
(w) = o L 5 g0 (e
NK
| ImY |
X _ _

(w— [ee + Werr — €5 — wyn] — ReX)2 + (ImX)2
(35)

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. Eqgs. (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

ReX(w) — % / d0P % , (36)

The frequency independent quantity ReX appearing in Eq. (35) is obtained in replacing w by

to be taken)

a fixed frequency wy, for example the actual transition frequency e.+w.x —e4—wyn. Once, wy
is positioned around the lower conduction band edge we,, the integrand is mainly negative
and we expect a negative value of ReX. This negative shift of the transition frequencies
becomes smaller when moving wy into a mid-band position (positive contributions to the
overall Q-integral increase). Such a behavior is confirmed by our numerical calculations
based on the time-domain formulation of the absorbance (see the discussion below).

The time—dependent formulation of the absorbance as displayed in Fig. 7 is compared
with the formulation in the frequency—domain according to Eq. (35). Therefore, we concen-

trate on the strong-coupling case (upper panel of Fig. 7). The used values of I' =| ImX |
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are taken from Table I. To achieve complete agreement, however,a transition frequency shift
originated by hReX of about —0.05 eV has to be introduced. Interestingly, the combined
effect of strong line broadening and a red shift of the transition frequencies gives the impres-
sion that the absorbance peak for the case of perylene attached to TiOs 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 Eq. (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 Eq. (35) with respect
to the disorder distribution of .. This indicates, obviously, that the absorption spectra of
Fig. (7) may be affected by inhomogeneous broadening. Then, the presented values of T,
Eq. (24), and of the rate kygr of HET for the perylene TiOs systems (Tables I and II) are
somewhat too large. Noting, however, the data in Table III the differences between 1/kygr
and the injection times measured via transient absorption data which are less effected by

disorder may be diminished.

D. Contributions of Charge Transfer States

In order to be complete we next consider charge transfer state contributions to the ab-
sorbance. Here, however, the discussion stays on a rather general level without the presenta-
tion of any numerical results. To move forward we notice Eq. (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 Eq. (27) we obtain for the

dipole—dipole correlation function (note that a and b cover e and k)

1
Ca-alt) = 5 > d;,dy
a,b

terb{ <(pa|€_iHmol—semt/hRg | 90b> <spg|€iHmol—semt/h|S0g>} .
(37)
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After introducing Green’s operator electronic matrix elements the trace expression is ex-

panded with respect to the vibrational states x,n and x.n (@ = e, k). It yields:

eiagttrvib{éab(t)é engt/h}
10 ~ Z F(Fagar) €€ 90 (11 Ga(8) X gar)

13 = Z f gM ez(89+ng)t

14 M.K,L
X (Xgn | Xar ) Garcor, (£) (Xbr|Xgnr) - (38)

©CoO~NOUTA,WNPE

18 If inserted into Eq. (25) for the absorbance we obtain

20 4rwn
21 a(w) = ———mt
22 3ch

23 ( Z f gM XgM|XeK><XeL|XgM>
M,K,L

26 Cl>|< de GeKeL(w—i-ag—l—ng)

28 + Z f gM XgM’XlonK><XeL‘XgM>
29 M,K,L

31 ZdigdegGkKeL(w_{_gg +ng)

33 + Z f(Awgnr) (Xant [Xere) Xionz [Xgr)
MEK,L

36 Z d; dngeKqL(w + &4 + wynr)

39 + Z f gM XgM|X10nK><X10nL|XgM>
40 M,K,L

42 Z d;‘{gdngngL(w +e4+ ng>> . (39)
43 k.q

45 The first term proportional to df d., reproduces the absorption coefficient according to
47 Eq. (34) where only the intra—molecular excitation has been accounted for. In contrast
49 the fourth term proportional to dy dq, generates the absorbance exclusively determined by
51 direct charge transitions into the semiconductor band. The mixing of both transitions is
included in the second and the third term. In particular, Eq. (39) indicates that the contri-
54 bution of the intra—molecular transitions discussed in the foregoing sections is superimposed

56 by an additional broad band.
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VI. 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 IV. The description includes a complete account of the laser—
pulse with field—strength E; initiating charge injection in the time—dependent Schrodinger
equation. In contrast, the photo emission caused by the second laser—pulse with field—
strength E5 will be described in perturbation theory. Accordingly, the state of the system

corresponding to the action of Ey can be written as (see, for example [5]):

t

/ AEU (1, Ex) B (B)|[ U (5 Ey)) (40)

to

i

o) =

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 ¥ and the time—evolution operator U on E;. The calculation of ¥ has
been described in Section IV. Here, we concentrate on an analysis of U1 Eq. (40). First we
assume non—overlapping pulses, i.e. U can be replaced by the field-independent expression
exp(—iHpol—sem (t — t)/h). Moreover, we neglect direct molecular contributions and expand
U with respect to the states (b,(.f) characterizing the freely moving electron (cf. Section

I11). Tt follows

t

wlt) = 5 [ diee ELD (60 UG E) (41)

to
The function y,(t) is obtained as <¢,({_)|‘11(1)(t; E;)) and describes the distribution of the
emitted electron versus the quasi—free states ng,g_) (with energies hey) and the vibrational

state of the molecular cation.
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A detailed description of the charge injected state W 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 ¢y and also assume an impulse excitation (Ey(f) =

Es(t2)m20(t — t3) with the pulse duration 73):

7 )
X,{<t) = ﬁ@(f — t2>€w“(t7t2)E2<t2)TQ

x> (&% i1l pae) Crenr (t2) Xionar - (42)
10

If we further use simple plane waves for the description of the emitted electron and assume

<¢E;)| f|ox) ~ 0,k the overall free electron distribution becomes

P = (ue) () ~ > |Crar(t2)? - (43)

M
We note Eq. (17) an write
P =% TR~ Paut) (44)
k

If dispersed with respect to energy h{) we may conclude that P(Vac)(Q) is proportional to
the energetic distribution Py (;t2), Eq. (18) of the injected electron versus the band states
times the DOS N(Q) already drawn in Fig. 6. Notice in this connection that vibrational
signatures become observable although the electron transfer proceeds on a time—scale even

below 10 fs.

VII. 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 |Wy,,) (the target state) at time
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tr (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])

ty
I B) =] (Ve V(er)) =5 [ e AOE). ()

to
This functional tries to realize a maximal overlap of the laser—pulse driven wavefunction
|W(ts)) at time ¢; with the target state under the constraint of a finite field-strength of
the pulse. In order to determine the extremum of J(¢;;E) one fixes the penalty factor
A instead of the whole field—pulse intensity. Therefore, it is only possible to establish a
relationship between the intensity and A after the control problem has been solved. But Eq.
(45) indicates that an increase of A should result in a decrease of the pulse intensity. The
time-dependence of the Lagrangian multiplier A(t) = \gsin~?(wt/t;) has been introduced

to realize a smooth switch on and switch off of the pulse at time ¢, and ¢, respectively.

The optimal pulse is obtained as the solution of the following functional equation (result-

ing from §J = 0)

2

E(t) = Y0 Im { (0 (t7)[Pear) (O()] 22 [2(2)) } - (46)

While |¥(t)) is obtained by the propagation of the Schrédinger equation starting with the
initial value |¥), the state vector |O(t)) follows from a backward propagation starting at ¢
with the ”initial” value |Wy,,). 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].

Fig. 9 displays the results of a control task where the target state W, is given by
the vibrational ground-state x40 in the electronic ground-state but shifted away from its
equilibrium position (Qgnie = —1, 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 Fig. 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 Fig. 9). The dependence on the injection position,

however, indicates that the control is more efficient for a near band—edge injection position.
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FIG. 9: Laser pulse control of the vibrational motion in the electronic ground-state. Variation
of the injection position he, into the band continuum. Upper panel: control efficiency versus the
number of iteration steps, solid line: he, = hecon (band—edge injection), dashed line: A(ee —econ) =
1 eV. Middle panel: level population Py (solid ]gge), P, (dashed line) and P, (dashed-dotted line)
versus time for the band—edge injection position. Lower panel: temporal behavior of the optimal

pulse for the band—edge in%'ection position. _
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VIII. CONCLUSIONS

The present paper gives a survey of our recent theoretical studies on ultrafast heteroge-
neous electron transfer (HET) with emphasis on perylene on nano-structured TiO5 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 Schrodinger equation
governing the electron—vibrational wave function is solved. All parameters 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 distribu-
tion 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 emis-
sion signal although the electron transfer 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 versus 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 Green$ operator corresponding to the overall time—evolution operator (without the
field part) has been introduced in Eq. (19). It obeys the following equation of motion:

m%é@) = 10(t) + Hunolsem G (t) - (A1)

For further computations it is advisable to carry out a Fourier—transformation
Gw) = / dt e™'G(t) (A2)

resulting in

(w - Hmolfsem/h)é(w) =1. (A3)

To distinguish between the molecular levels a = g,e and the conduction band states we

introduce the projection operators

1o = [@a) {@al (Ad)
and
Toem = D _ 1) (0] - (A5)
They obey ‘
T, + T, + e = 1. (A6)

We define (the contribution of the molecular ground-state is of no interest) G .(t) =

ﬂeé(t)f-[ev ée,sem(t) - ﬁeé(t)ﬂsema CA:sern,e(t) - ﬁsemé(t>ﬁe and Gsem,sem(t) -

MeemG (t)gem, what will be used in the computations below.

1. Computation of the Molecular Green’s Operator

We note Eq. (A3) and derive an equation for G, ,
ﬂe(w - Hmol—sem/h) (ﬂg + 12-[6 + ﬁsem>é<w)ﬁe - ﬂe ) (A7)
which can be written as (notice that f[g does not contribute)

(W—¢€ — He/h)ée,e(w)

_f-[eHmol—sem/h 1:-[semé"sem,e(w) = He . (A8)
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The quantity ésem,e obeys

A ~

0= Hsem(w - Hmol—sem/h> (ﬂg + ﬁe + ﬂsem)G<W)ﬂe

= _ﬂsemHmolfsem/hﬂeée,e(w) + (w - Hsem/h)
X Glgem,e(w) .

We introduced Hgep, = ﬂsemHmol_SemfIsem and define

GO (W) =w — Hym /b .

sem

It yields

~

Gsem,e(w) = G(O)

sem

(W)fIsern]—Imol—sem/h]-:[eéve7 e(w) .
If inserted into the equation for Ge,e it follows

<w —Ee — He/h - 1:[e[{mol—sem/hflsem

XG(O) (w)ﬂsemHmolfsem/hﬁe> ée,e(w) = ﬂe .

sem

We analyze the extra term which depends on H, 1 sem and get

1:IE[{mol—sem/hflsem G(O)

sem

(w) 121513111[{r11L)1—5¢3n’1/hfle

-1y [Veud” i
h? ” w— ex — Hign/h +ic ¢

= Y (w — Hign/M)IL, .
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(A9)

(A10)

(A11)

(A12)

(A13)

In the last part, the self-energy according to Eq. (21) has been used (note its dependence

on Hi,,). Its separation into the real an imaginary part results in

1 Vex!?
ReX(w) = = ZPW mplt
K

and

Im¥(w) = -T'(w) = —% Z Ver*0(w — i) -
k

Finally, this all gives the excited—state molecular Green’s operator as

. II,
Ge,c(w) =
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In order to calculate the vibrational matrix elements of G .(w) we use Eq. (A12) and obtain

<906X6K‘ (w —E&e — He/h - E(w - Hion/h)>
XGe,e(w)|90eXeL> = 0K,L - (A17)

It results in

((.d —Ee — weK)GeK,eL(w)

- Z (Xer | 2(w = Hion/R)|Xerr) Genrer(w) = k1
M

(A18)
with the self-energy matrix elements
<X€K|Z(w - Hion/h)’XeM>
= Z <XeK|XionN>E(w - wionN)<XionN|XeM> .
N
(A19)

There are two limiting cases resulting in a simple expression for Gk .r(w). First, let us
assume that the reorganization energy for the charge injection is small. Then, we may
conclude (Xionn|Xerr) = dn ar, what results in (Xex |E(w — Hion/R)|Xem) = S 2 (w — Wionk )

and, thus, in

5KL
Cerer(w) = 7 e
K,L(w) w_EE_WeK—Z(W_WionK)+ZE

(A20)

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 Eq. (A20) but with the replacement of ¥(w — wioni) by the frequency inde-

pendent expression X.

2. Computation of the Semiconductor Green’s Operator

We proceed similar to the foregoing section and get

1iIsem (w - Hmolfsem/h) (ﬂg + ﬁe + 1zlsem>
X G(w) gem = e (A21)
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or
(W - ]—Isem/h)égsem7 sem (w) - 1CIsem]—Imol—sem/hﬂe
Xée,sem<w) = 1QIsem .

N

The quantity G. sem Obeys

A

ﬂJw—HQkWMMOL+TQ+ﬂmJé@H%m
= (w— e — He/R)Ge som(w)
_ﬂeHmol—sem/ hﬂsemésem ,sem(w) =0.
We define
GO W) =w—e.— H./h
and get
G som(w) = GO (W)TTe Hinol—sem /Al sem Grern, sem (W) -

If inserted into the equation for ésem,sem it follows

(w — Hgem /R

_ﬂseerﬂol—sem/hﬂe ég)) (w)ﬂe Hmol—sem/hﬂsem>

A

Gsem ,sem(w> = Hsem .

We analyze the extra term which depends on H 01 sem and obtain

~

1_[sem Hmolfsem/hﬂe égo) (w) 1iIeI—Imolfsern/hf[sern

o 1 Vke‘/eq
R ; W— € — He/h+ie|(’0k><¢q|

= Aw — H./h) .

To compute vibrational state matrix elements we may deduce
(ercxionsc] (0 = 2 = Hion /B — Mw — Ho/))
Xésem ,sem(w)|80quonL> = 5kK,qL .

It results in

(W — €k — Wionk )Gk qL(W)

- Z <(10kXionK‘A(w - He/h)hprionM) GpMqu<w)

p,M

= 5kK,qL .
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The A—operator matrix elements are obtained as

<S0kXionK|A(w - H€/h)|sopXionM> =

Vie Ve

Z <XionK|X6N> K P : <XeN|XionM>

~ W — E¢ — WeN T 1€
= Ve Ak mr (W) Vep (A30)

with
<XionK‘XeN> <XeN |XionM>
A = ) A3l
() %: W — Ee — WeN + 1€ ( )

In the limit of small reorganization energy for the ground-state ionized—state transition one

may deduce

5
At (w) =~ KM . (A32)

W — E¢ — We + 1€
This all yields

(W — €k = Wionk )Gk qL(W)

- Z Vke)\KM(w)VepGpM,qL(w) = 5kK,qL .
p,M

(A33)
Finally we present mixed Green’s operator matrix elements. We note Eq. (A1l) and get

CATYkK,eL (w) - <(kaionK|G§21)n (w)ﬂsemHmol—sem/hﬂe

X Ge (w) |908X8L>

Vie/ B
— k / Z <Xi0nK‘XeM>GeM,eL(w) .

W — €k — W 1€
k 10nK+ M

(A34)
In the same manner we may derive
éeK,qL<W) = <SO€X€K|GAg0)ﬂeHmol—sem/hﬂsem
X ésem ‘ SOquonL>
Vep/ Tt
- Z . <X€K|XiOnM>GpM7qL(W) .
p7Mw—€e—w€K+Z€

(A35)
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