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Abstract

Multilevel Redfield theory is employed for the modeling of ultrafast electron-transfer (ET) reactions in polyatomic systems, exhibiting
coherent wave-packet motion in excited and/or ground electronic states. Two-electronic-state models are constructed for excited-state ET
driven by coherent vibrational motion in the initially excited donor state and characteristic features of ET dynamics in normal and inverted
regions are outlined. Three-electronic-state models focus on the mechanisms of coherent repopulation of the electronic ground state, which
may accompany ultrafast photoinduced ET. It is shown that wave-packet motion in the electronic ground state may be initialized not only
by the laser excitation, but also by the reaction itself. Employing the numerically exact so-called self-consistent hybrid method, the validity
of Redfield theory is critically examined.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Being a fundamental phenomenon in chemistry, physics
and biology, electron transfer (ET) has been attracting enor-
mous attention of both experimentalists and theoreticians
for many years. While thermal ET reactions have been in-
vestigated for decades, in recent years the attention has
shifted towards photoinduced ET reactions occurring at sub-
picosecond time scales, so-called ultrafast ET processes[1].
Extensive experimental investigations of ET in the fem-
tosecond regime have been performed, e.g., by Barbara and
co-workers for betaines[2–6]and mixed valence compounds
[7–10], and by Yoshihara and collaborators for various in-
termolecular reactions[11–15]. Observations of ultrafast ET
processes also have been reported for bacterial photosyn-
thetic reaction centers[16,17] and in numerous other sys-
tems[18–25].

An intriguing feature of many ultrafast ET reactions is the
presence of oscillatory structures in time-resolved spectro-
scopic signals[1,9,10,16,18–23,26–28]. The quantum beats,
which have been observed both in the ground and excited
electronic states, reflect nonstationary wave-packet motion
in underdamped vibrational modes. This suggests that vi-
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brational motion may play an important role in ultrafast ET
reactions.

The theoretical description of ET processes has tradition-
ally been based on rate theories[29–31]. While such a de-
scription often is appropriate for thermally activated ET, the
theoretical modeling of ultrafast photoinduced ET reactions
generally requires a dynamical simulation of the reaction. To
this end, a variety of methods have been proposed in recent
years. There exist a few exact methodologies (such as the
recently developed self-consistent hybrid method[32–35]),
but most of the descriptions are approximate and thus limited
to a certain parameter range. Among the approximate meth-
ods, multilevel Redfield theory has proven to be an efficient
tool for modeling of ultrafast ET reactions which are driven
by vibrational motion in a few strongly coupled reaction
modes. In several applications, it has been shown to be well
suited for studying the complex interplay of strong electronic
coupling, coherent vibrational motion in high-frequency in-
tramolecular quantum modes and dissipation due to a ther-
mal environment[36–40].

Originally developed in the context of nuclear mag-
netic resonance[41], Redfield theory adopts a reduced
density-matrix description of open systems[42–44]. This
approach implies a separation of the problem into a relevant
(system) part and an irrelevant (bath) part. The idea is to
treat only the few degrees of freedom of the system explic-
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itly, while all the others are traced out, being regarded as a
dissipative environment. In Redfield theory, the elimination
of the bath variables is achieved by a perturbative treatment
of the system–bath interaction.

In applications of Redfield theory to ET reactions, the
overall problem usually is partitioned in such a way that the
system comprises the electronic states involved in the reac-
tion as well as one or few reaction modes, while the remain-
ing intramolecular and solvent degrees of freedom constitute
the bath1. The perturbative treatment of the system–bath
coupling is expected to be justified for ultrafast ET reac-
tions, which are primarily driven by a few strongly coupled,
but underdamped, high-frequency intramolecular modes.

The main advantage of multilevel Redfield theory is
its simplicity and computational efficiency[36,37]. It has
been widely applied to the modeling of ultrafast processes
in condensed phases in the recent years[36–40,45–52].
The multilevel Redfield equation for the reduced density
matrix has been numerically solved at different levels of
accuracy, i.e., with or without additional simplifications,
such as, e.g., the stationary Redfield-tensor approximation
and the secular approximation. It has been shown that the
secular approximation is not generally applicable for the
modeling of ultrafast coherently driven ET[39], whereas
the stationary Redfield-tensor approximation generally is
quite accurate[40]. Applications to ET reactions with up to
three reaction modes have been reported[39]. For systems
of even larger size, further approximations within Redfield
theory, such as the diabatic damping approximation[39,53],
can be employed.

To explore the limits of applicability of multilevel Red-
field theory, we have recently investigated the validity of
the perturbative treatment of the system–bath interaction for
ET models with various system, bath and system–bath cou-
pling parameters[40]. Agreement between the multilevel
Redfield-theory description and the numerically exact refer-
ence results (obtained with the self-consistent hybrid method
[32–35]) has been established for small up to intermediate
values of the system–bath coupling strength. Redfield the-
ory has been found to perform particularly well at short time
scales and for models of ET in the inverted region[40].

Here, we attempt to reveal the role of coherent vibra-
tional motion in the ultrafast ET dynamics and focus on
modeling of ultrafast ET reactions which exhibit coherent
wave-packet motion in the excited and/or ground electronic
states. The Redfield approach allows us to monitor and fol-
low the wave-packet evolution in the electronic states of in-
terest. The wave-packets are represented by the projection of
the coordinate representation of the reduced density matrix
on the corresponding electronic state. Two- and three-state
models with a single reaction mode are considered.

It is well known that coherent vibrational motion may be
created by femtosecond laser pulses in the excited electronic

1 Redfield theory is referred to as “multilevel” if at least one vibrational
degree of freedom is included in the system part[36].

state as well as in the electronic ground state if there is a sig-
nificant displacement between the equilibrium geometries
of the optically coupled states. Hence, if reaction modes are
Franck–Condon active, the ultrafast photoinduced ET is ex-
pected to be accompanied by coherent wave-packet motion.

To investigate the effects of this motion, we consider
excited-state ET with nonstationary preparation of the
initially excited donor state. The Franck–Condon-active re-
action mode is coupled to the excited donor and acceptor
states. The electronic ground state is not explicitly included
in the system Hamiltonian (two-electronic-state models),
but its location is taken into account by defining the shift
between equilibrium geometries of the ground and donor
states. We outline specific features of the dynamics in nor-
mal and inverted regions and demonstrate how nonstation-
ary wave-packet motion in underdamped vibrational modes
affects the reaction process. The transfer of vibrational co-
herences from the donor state to the acceptor state, which
has been also investigated previously by Jean and Fleming
[54], is illustrated by monitoring moving wave-packets.

On the other hand, there is experimental evidence of co-
herent repopulation of the electronic ground state during ET
reactions[9,10,19,23,55]. Interestingly, ground-state vibra-
tional motion also has been observed at frequencies which
are not present in the excited-state dynamics. For example,
femtosecond pump–probe experiments on plastocyanin[55]
(photoinduced ligand-to-metal charge transfer) show that
a low-frequency component, which is not observed in the
resonance-Raman (RR) experiments on this system[56], is
involved in the coherent recovery of the ground-state popu-
lation. The RR inactivity of the mode suggests that there is
no coordinate displacement between equilibrium geometries
of the ground and initially excited electronic states along this
coordinate. Hence, no moving wave packet can be prepared
in the excited state and the coherent vibrational motion in
the ground state cannot be induced by the laser excitation.
However, if the equilibrium geometries of the ground and
locally-excited electronic states coincide, vibrational coher-
ence effects in the repopulation of the ground state can occur
via one or several intermediate electronic states. In the case
of the ET reaction in plastocyanin, this idea is supported by
the experimental results of Fraga et al.[57] and Edington
et al.[58], which suggest that the initial excited state decays
via one or several lower-lying ligand-field states.

The three-electronic-state model calculations which we
present here provide insight into coherent vibrational dy-
namics accompanying ultrafast photoinduced ET reactions,
which occur via an intermediate state. The radiationless de-
cay to the ground state is assumed to occur via a bridging
charge-transfer state, which is nonadiabatically coupled to
the locally-excited as well as to the ground state. Thus, the
locally-excited and ground states are not coupled directly
but through the charge-transfer state. This allows, in partic-
ular, to model the case of a Franck–Condon inactive reac-
tion mode (stationary initial condition) and to observe the
ground-state coherences of purely reactive origin, since no
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wave-packet motion is generated in the initial locally-excited
electronic state. A three-electronic-state model with nonsta-
tionary preparation also is considered. The presence of the
intermediate charge-transfer state does not prevent the trans-
fer of vibrational coherences to the ground state, but results
in a certain delay in its repopulation.

Finally, we examine the quantitative accuracy of Red-
field theory for two-electronic-state models by comparison
with numerically exact reference results, obtained using the
self-consistent hybrid method[32–35].

2. Model Hamiltonian

According to the system–bath separation scheme, the
complete model Hamiltonian is written as the sum of a sys-
tem and a bath Hamiltonian and a system–bath interaction
operator:

H = HS +HB +HSB. (1)

The system part is supposed to include electronic and vibra-
tional degrees of freedom which are directly involved in the
reaction. Adopting the diabatic representation for the elec-
tronic states[59–62], we define the explicitly treated system
as

HS =
∑
i

|φi〉(hi + εi)〈φi| +
∑
i�=j

|φi〉Vij〈φj|. (2)

The diabatic states|φi〉 are coupled to each other via elec-
tronic couplingsVij, which allow for transitions between the
states. We assume the electronic couplingsVij to be constant
(independent of the vibrational coordinates).εi are vertical
electronic excitation energies andhi denotes the vibrational
Hamiltonian pertaining to the electronic state|φi〉.

In the more general case of several (N) reaction modes,
the vibrational Hamiltonian of state|φi〉 can be written as a
sum

hi =
N∑
q

hiq

of single-mode Hamiltonianshiq. In this article, we restrict
ourselves to the case of a single reaction mode and invoke
the harmonic approximation for the vibrational motion2.

The system vibrational Hamiltonianshi are thus written
as (hereafter ¯h = 1)

hi = ωS

2
(P2 +Q2)+ κiQ. (3)

Here,Q denotes the dimensionless reaction coordinate and
P = −i(∂/∂Q) is the corresponding momentum operator.
The vibrational frequencyωS of the reaction mode is as-
sumed to be the same for all electronic states. The parame-
tersκi describe the electronic-vibrational coupling.

2 For the study of anharmonic effects see, e.g.,[63].

The system reaction mode is assumed to be linearly cou-
pled to a bath of harmonic oscillators

HB =
∑
k

ωk

2
(p2
k + q2

k), (4)

HSB = Q
∑
k

gkqk. (5)

The bath frequencies, dimensionless coordinates and mo-
mentum operators are denoted asωk, qk and pk, respec-
tively. The gk describe the system–bath coupling strength.
The parameters of the bath are characterized by its spectral
function

J(ω) = π

2

∑
k

g2
kδ(ω − ωk). (6)

For the model calculations, we adopt the Ohmic spectral
density[64]

J(ω) = ηω e−ω/ωc, (7)

where η is a dimensionless parameter, characterizing the
system–bath coupling strength, andωc is a bath character-
istic frequency.

3. Multilevel Redfield theory

The Redfield equation for the reduced density matrixσ is
obtained from the Nakajima-Zwanzig equation[65] employ-
ing the Born and Markov approximations in the description
of dissipation as well as the system-eigenstate representation
(see, e.g.,[38,40] for details of the derivation ofEq. (8)):

∂σµν(t)

∂t
= −iωµνσµν(t)+

∑
κλ

Rµνκλσκλ(t). (8)

The basis states are defined via

HS|µ〉 = Eµ|µ〉, (9)

and ωµν = Eµ − Eν are the system eigenfrequencies.
The first term on the rhs ofEq. (8) accounts for the
isolated-system dynamics, while the dissipation is described
by the last term, i.e., by the Redfield tensorRµνκλ, which is
usually written as

Rµνκλ = Γ+
λνµκ + Γλνµκ − δνλ

∑
α

Γ+
µαακ − δµκ

∑
α

Γ−
λααν,

(10)

with

Γ+
λνµκ =

∫ t

0
dτ trB{〈λ|HSB(τ)|ν〉〈µ|HSB|κ〉}e−iωµκτ,

Γ−
λνµκ =

∫ t

0
dτ trB{〈λ|HSB|ν〉〈µ|HSB(τ)|κ〉}e−iωλντ, (11)

where we have introduced

HSB(τ) = eiHBτHSB e−iHBτ .
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The elements of the Redfield tensor, (11), are generally com-
plex and time-dependent. In the following model calcula-
tions, we neglect the imaginary part of the Redfield tensor
and employ the stationary Redfield-tensor approximation,
that is, we extend the upper integration limit in (11) to in-
finity, t → ∞.

4. Wave-packet dynamics during ultrafast ET

In this section, we present the results for ultrafast ET dy-
namics, obtained by solving the multilevel Redfield equation
(Section 3) for two- and three-state models. Thus, the sys-
tem part of the model Hamiltonian ofSection 2includes one
reaction mode and two or three diabatic electronic states,
respectively.

According toEqs. (2) and (3), the diabatic potential-energy
functions for the reaction coordinate are shifted parabolas.
The electronic ground state is assumed to be located at the
coordinate origin,κG ≡ 0. The coordinate displacements of
the equilibrium geometry of the excited diabatic states from
that of the electronic ground state are given by−κi/ωS.

Instantaneous excitation from the electronic ground state
is assumed, i.e., att = 0 a wave packet is prepared in the
initially excited state at the equilibrium nuclear geometry of
the electronic ground state.

The wave-packet dynamics is visualized as the time evo-
lution of the coordinate representation of the reduced density
matrix, projected on the relevant diabatic electronic states.
The reduced density matrix (RDM) is numerically propa-
gated by means of a fourth-order Runge–Kutta algorithm,
adopted from[66]. The time-dependent population proba-
bilities of the diabatic states,

Pi(t) = tr{σ(t)|φi〉〈φi|}, (12)

are the relevant observables for ET dynamics and monitored
as well. Converged results have been obtained using up to 20
system eigenstates for two-state models and up to 40 system
eigenstates for three-state models.

The reaction-mode frequency is chosen asωS = 0.05eV
throughout the paper and so is the bath characteristic fre-
quency,ωc = ωS = 0.05 eV. The system–bath coupling pa-
rameterη is varied in the considered models in order to ob-
tain an effective damping of the vibrational motion on the
time scale of interest. The temperature is set to zero, which
accentuates quantum effects.

4.1. Ultrafast ET driven by wave-packet motion in the
excited state

We consider ultrafast photoinduced excited-state ET, i.e.,
ET which occurs after a femtosecond laser excitation be-
tween two excited electronic states. The donor state (D) is
optically coupled to the ground electronic state, and the ac-
ceptor state (A) is optically dark and nonadiabatically cou-
pled to the donor state. Two diabatic electronic states are

thus included in the system Hamiltonian,i =D, A in Eqs. (2)
and (3).

4.1.1. ET in the normal region
To investigate the effects of coherent wave-packet mo-

tion in the normal regime, the following system parameters
have been selected: The electron-vibrational couplings have
been chosen asκD = −2ωS = −0.1 eV, κA = −5.5ωS =
−0.275 eV and the vertical excitation energies of the donor
and acceptor states differ byεD − εA = 6.5625 eV. A suf-
ficient electron-vibrational coupling of the donor stateκD
ensures the preparation of a nonstationary initial state. The
other parameters have been adjusted to obtain the respective
geometry of the donor and acceptor potential-energy (PE)
surfaces shown inFig. 1. A moderate ET coupling (VDA =
0.01eV) and weak damping (η = 0.1) have been chosen.

It is assumed that the initial state is given by a vibrational
ground-state wave packet located at the origin of the vibra-
tional coordinate (Q = 0) in the upper (donor) diabatic po-
tential (shown by the arrow in the PE-surfaces graph). It can
be seen that the mean energy of the wave packet lies above
the energy of the crossing point of the diabatic potentials,
that is, the crossing point is accessible for the moving wave
packet.

Fig. 1 also shows the time-dependent population prob-
ability of the donor diabatic state,PD(t), and the time
evolution of the reduced density matrix in the coordinate
representation, projected on the donor,σD(Q, t), and ac-
ceptor,σA(Q, t), states. The wave-packet motion (σD(Q, t),
σA(Q, t)) is illustrated by three-dimensional (3D) and
contour-plot views. The acceptor-state population probabil-
ity is not shown, as it is trivially given by 1− PD(t).

The dotted-dashed curve in the population-probability
graph ofFig. 1 gives the result forPD(t) without damping.
The somewhat irregular beatings of the undamped sys-
tem reflect so-called electronic coherences (low-frequency
beatings) and vibrational effects (high-frequency beatings).
The electronic coherences have often been observed in
various dynamical simulations of ultrafast ET, but (to our
knowledge) have not yet been detected experimentally. The
frequency of these beatings depends on the electronic cou-
pling VDA. The quasi-periodic population dynamics of the
undamped system demonstrates that there is no ET in the
absence of damping.

The system dynamics including dissipation (solid line in
the population-probability graph ofFig. 1) is electronically
incoherent (the low-frequency oscillations disappear) and
exhibits two different time scales: a fast initial step-like de-
cay ofPD(t) is followed by a much slower monotonous loss
of the donor-state population.

The step structure, which has been observed in various
model studies[39,40,48,49,67], reflects ET driven by co-
herent wave-packet motion: a fraction of the wave packet is
transferred to the acceptor state each time the moving wave
packet hits the crossing region. This interpretation is con-
firmed by the 3D and contour-plot graphs ofσD(Q, t): A
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Fig. 1. Model for ultrafast excited-state ET in the normal region. Diabatic potential-energy surfaces (the zero-order vibrational states are indicated),
population probability of the diabatic donor state,PD(t) (the dot-dashed curve represents the undamped,η = 0, system dynamics) and wave-packet
motion in the donor,σD(Q, t), and acceptor,σA (Q, t), diabatic states (3D and contour plots).

Gaussian wave packet, prepared by instantaneous excitation
from the ground electronic and vibrational state, is driven to
the minimum of the donor potential (Q = 2) and its damped
oscillations are clearly visible in 3D and contour-plot graphs.
The wave-packet amplitude decreases because of the popu-
lation transfer to the acceptor state.

The wave packet in the acceptor state (σA(Q, t) in Fig. 1)
appears in the vicinity of the crossing point of the diabatic

potentials (Q � 3.5) and oscillates towards the minimum of
the acceptor potential (Q = 5.5), gaining the amplitude from
the donor state and being damped at the same time scale as
σD(Q, t). The wave packets in the donor and acceptor states
are out of phase, which leads to a double-peak structure of
σA(Q, t).

The vibrational wave-packet motion is quenched af-
ter ∼600–800 fs due to vibrational relaxation. The wave
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packet in the donor state relaxes to the ground vibrational
state and the potential barrier prevents further ultrafast
decay of the donor-state population. Instead, it exhibits
monotonous decay due to tunneling (recall that the tem-
perature is zero). This long-time dynamics is also reflected
in the intensity gain/loss in theσA(Q, t)/σD(Q, t) contour
plots.

4.1.2. ET in the inverted region
To study ET dynamics in the inverted region (Fig. 2), we

consider a model defined by the following system param-
eters: The electron-vibrational couplings areκD = 2ωS =
0.1 eV, κA = ωS = 0.05 eV, the vertical excitation-energy
difference isεD − εA = 0.175 eV, and the electronic cou-
pling isVDA = 0.01 eV, as above. As in the previous section,
a nonstationary initial preparation is assumed. Att = 0, a
Gaussian wave packet of appropriate width is placed on the
donor diabatic potential at the origin of the vibrational coor-
dinate. It is seen already from the PE graph inFig. 2, where
the initial location of the wave packet is indicated by the ar-
row, that it will move periodically over the intersection point
of the diabatic potentials. The initial excess in vibrational
energy is more significant compared toSection 4.1.1, and
a somewhat stronger system–bath interaction,η = 0.3, has
been chosen. The diabatic PE curves, the population prob-
ability of the initially prepared donor state,PD(t), and 3D
and contour-plot graphs of the wave-packets in both diabatic
electronic states,σD(Q, t), σA(Q, t) are combined inFig. 2
in the same manner as in the previous example.

The quasi-periodic dotted-dashed curve in the population-
probability graph inFig. 2 represents the dynamics of the
undamped system (η = 0). It is similar to that of the nor-
mal region and reflects a superposition of electronic and
vibrational oscillations. Inclusion of damping results in the
population dynamics given by the full line. As in the normal
region, the electronic coherences are quenched and we again
observe ultrafast ET driven by coherent wave-packet mo-
tion, which manifests itself as the step-like decay ofPD(t).

The initial vibrational amplitude of the donor-state wave
packet,σD(Q, t), is the same as in the normal region, but
the oscillations are damped faster because of the stronger
system–bath coupling. At∼500 fs vibrational coherences
in the donor state are quenched and the wave packet re-
laxes to the minimum of the corresponding potential (Q =
−2). However, quasi-exponential decay at later times ex-
hibits under-damped high-frequency oscillations. Since vi-
brational motion is efficiently damped after∼500 fs, these
modulations are probably of electronic origin and their fre-
quency is determined by the energy gap between the donor
and acceptor-state potentials[68].

In contrast to the previous example, ET is practically
finished on the time scale of the vibrational relaxation.
Even when the wave packet relaxes to the minimum of the
donor potential the crossing point is accessible. Therefore,
the population transfer is much more effective than in the
normal-region example.

The transfer of vibrational coherences to the product state
is illustrated by 3D and contour-plot graphs ofσA(Q, t) in
Fig. 2. The wave-packet motion in the acceptor state is in
phase with that in the donor state (constructive superpo-
sition). The damped oscillations, the gain in the intensity
amplitude due to the ET and relaxation to the ground vibra-
tional state are clearly visible. One can see that vibrational
motion in the product state persists somewhat longer than
in the donor state.

4.2. Coherent repopulation of the ground electronic state
during ultrafast ET in the inverted region

So far, we have considered excited-state ET, the ground
electronic state being excluded from the system dynamics. In
this section, three-electronic-state models are considered to
investigate the possibility of coherent ground-state formation
in ET reactions that occur via an intermediate bridging state.
The diabatic electronic states|φi〉 which are included in the
system Hamiltonian are the locally excited (LE) state, the
intermediate charge-transfer (CT) state and the ground state
(G), i.e., i = LE, CT, G in Eqs. (2) and (3). We consider
two models representing stationary as well as nonstationary
preparation (Sections 4.2.1 and 4.2.2, respectively).

4.2.1. Stationary preparation
In this section, we consider a Franck–Condon inactive

reaction mode. A stationary wave packet is thus prepared in
the initially excited electronic state. If coherent vibrational
motion appears in the ground electronic state after the ET,
it is not initiated by the laser excitation, but by the reaction
itself.

The system parameters are defined in order to insure a
fast and efficient transfer from the locally-excited to the
intermediate CT state and then back to the ground state.
The electron-vibrational coupling of the LE state is zero,
κLE = 0, (stationary preparation) and that of the CT state
is κCT = 2ωS = 0.1 eV. The vertical excitation energies
of the LE and CT states are equal,εLE = εCT = 5ωS =
0.25 eV, so that there is no barrier between the LE and CT
states and the barrier between CT and G states is very low
(see the potential-energy surfaces inFig. 3). The electronic
couplings are rather substantial, comparable to the system
frequency (ωS = 0.05 eV): VLE,CT = 0.03 eV, VCT,G =
0.02 eV, and the system–bath coupling is determined by,η =
0.15.Fig. 3shows the diabatic potentials for the system pa-
rameters chosen, the time-dependent population probabili-
ties of the diabatic electronic states,PLE(t), PCT(t), PG(t),
and the wave-packet motion in the CT and ground electronic
states,σCT(Q, t), σG(Q, t), in three-dimensional (3D) and
contour-plot representations. The LE-state projection of the
RDM is not shown, as no wave-packet motion is created in
this state due to the stationary initial condition.

The population probability of the LE state,PLE(t), ex-
hibits electronic oscillations due to the nonadiabatic cou-
pling VLE,CT which are damped on a time scale of about



D. Egorova, W. Domcke / Journal of Photochemistry and Photobiology A: Chemistry 166 (2004) 19–31 25

Fig. 2. Model for ultrafast excited-state ET in the inverted region. Diabatic potential-energy surfaces (the zero-order vibrational states are indicated),
population probability of the diabatic donor state,PD(t) (the dot-dashed curve represents the undamped,η = 0, system dynamics) and wave-packet
motion in the donor,σD(Q, t), and acceptor,σA (Q, t), diabatic states (3D and contour plots).

400 fs. The electronic coherences persist in the damped dy-
namics of the LE state due to a largerVLE,CT compared
to VDA of the models ofSection 4.1. The higher-frequency
modulations are absent since no vibrational motion is cre-
ated in the LE state.

In the charge-transfer state population,PCT(t), a consid-
erable gain is observed att � 50 fs. One can see electronic
coherences at early times, which are then modulated by
higher-frequency oscillations of vibrational origin reflecting
the creation of the wave-packet motion in the CT state. The
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Fig. 3. Model for ultrafast ET with stationary preparation. Diabatic potential-energy surfaces (the zero-order vibrational states are indicated), population
probabilities of the locally excited,PLE(t), charge-transfer,PCT(t), and ground,PG(t), electronic states, and wave-packet motion in the CT and G states,
σCT(Q, t), σG(Q, t) (3D and contour plots), respectively.
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familiar step structure can be recognized in the decay of the
CT population between 200 and 600 fs. It reflects periodic
vibrational motion in the CT state: The fast decay ofPCT(t)

occurs when the wave packet is localized in the vicinity of
the crossing of the diabatic CT and G states, while the pop-
ulation remains constant when the wave packet is far from
the crossing point. This interpretation is confirmed by the
3D and contour-plot graphs of theσCT(Q, t). Appearing in
the vicinity of the crossing point with the LE potential (at
Q = 0), the wave-packet in the CT state is strongly driven
to the minimum of the corresponding potential (Q = −2),
starts to moves periodically and disappears rapidly because
of the back transfer to the ground state.

Despite the stationary preparation, pronounced coherent
vibrational motion is observed in the ground electronic state
(σG(Q, t) in Fig. 3). It is reflected as step structure in the in-
crease of the ground-state population,PG(t), and well seen
in the 3D and contour plots ofσG(Q, t). The rather large
initial amplitude of the oscillations is determined by the lo-
cation of the crossing of the CT and ground-state diabatic
potentials. The vibrational motion is damped due to the in-
teraction with the bath modes and the system relaxes to the
ground vibrational state within about 1 ps.

The model calculations demonstrate that coherent
wave-packet motion in the ground state can be ob-
served which is purely initiated by the reaction process.
The experimental observation of coherent excitation of
resonance-Raman inactive modes in the ground-state vibra-
tional dynamics is an indicator that there must be at least
three electronic states involved in a ET reaction.

The essential conditions for the occurrence of coherent
ground-state vibrational motion due to electron transfer are:
(i) substantial electron-vibrational coupling of the under-
damped reaction mode in the intermediate CT state and,
(ii) strong nonadiabatic coupling of this state to the LE and
ground states.

4.2.2. Non-stationary preparation
In this section, we consider a three-state model with a

nonstationary initial condition. The effects of nonstation-
ary preparation for the excited-state ET have been consid-
ered in detail inSection 4.1. Here, we concentrate on the
possible transfer of vibrational coherences created in the
locally-excited state to the electronic ground state.

At t = 0, a wave packet is placed on the diabatic potential
of the locally-excited state at the origin of the vibrational
coordinate. A nonequilibrium distribution is created due to
the electron-vibrational coupling of the locally excited state,
κLE = 2ωS = 0.1 eV. The electron-vibrational coupling of
the charge-transfer state isκCT = ωS = 0.05 eV and the ver-
tical excitation energies are chosen asεLE = 5ωS = 0.25 eV,
εCT = 1.5ωS = 0.075 eV. A moderate electronic coupling
between the LE and CT states, as well as between the ground
and CT states, has been chosen,VLE,CT = VCT,G = ωS/5 =
0.01eV, which appears to be sufficient for the effective trans-
fer.

The nonstationary preparation results in an excess in
vibrational energy and coherent vibrational motion in the
initially prepared (LE) electronic state. To damp this initial
vibrational coherence on a time scale of a few hundred fs, a
stronger system–bath coupling than in the previously con-
sidered model (Section 4.2.1) is required. The system–bath
interaction strength is thus set toη = 0.5.

The diabatic potentials, the population probabilities of the
three diabatic states,PLE(t), PCT(t), PG(t), as well as the
projections of the coordinate representation of the RDM to
these states,σLE(Q, t), σCT(Q, t), σG(Q, t), are shown in
Fig. 4. The coordinate/time scales of the graphs are the same.

The initial system evolution is characterized by a step-like
decay ofPLE(t) (dashed curve in the population-probability
graph). Here, the step structure reflects coherent wave-packet
motion in the LE electronic state. As is seen in the 3D and
contour-plot graphs ofσLE(Q, t), the wave packet in the
LE state exhibits damped vibrational motion with a loss of
the population to the CT state. This motion is quenched
after ∼400 fs due to vibrational relaxation. The crossing
point is accessible even after the wave packet has relaxed
to the minimum of the LE-state potential (Q = −2); a
further monotonous decay of the LE-state population is
thus observed. No electronic coherences are observed in the
LE-state dynamics. The reason for this is a weaker elec-
tronic coupling and a stronger damping, compared to the
model ofSection 4.2.1.

The population dynamics of the CT state reflects a com-
petition between the gain of population from the LE state
and its loss to the ground electronic state. The popula-
tion probability of this state,PCT(t) (dotted curve in the
population-probability graph), increases up to∼300 fs, but
after this time the loss to the ground state is no longer com-
pensated by the gain from the LE state. The wave-packet in
the CT state,σCT(Q, t), appears in the vicinity of the cross-
ing point with the LE state and its periodical motion sur-
vives on approximately the same time scale as that in the LE
state (see contour plots ofσCT(Q, t) andσLE(Q, t)). After
relaxation to the minimum of the diabatic potential of the
CT state, amplitude modulations of the wave packet can be
recognized in the 3D and contour-plot graphs ofσCT(Q, t).
In the population dynamics, they express themselves as the
oscillatory structure ofPCT(t) between∼400 and∼800 fs.
These oscillations are probably of the same origin as those
seen in the long-time dynamics of the donor state in the
model of the excited-state ET in the inverted region (PD(t)

in Fig. 2, Section 4.1.2). Here, they are due to the gap be-
tween the CT and ground-state potentials.

Coherent wave-packet motion in the ground state becomes
visible at t � 100 fs. The initial amplitude of the oscilla-
tions is determined by the location of the crossing of the
ground state with the CT state and is slightly smaller than
that in the LE and CT states. The oscillations are efficiently
damped on a time scale of∼400 fs, but small-amplitude vi-
brational motion survives up to∼800 fs (see the contour
plot of σG(Q, t) in Fig. 4). The population probability of the
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Fig. 4. Model for ultrafast ET with nonstationary preparation. Diabatic potential-energy surfaces (the zero-order vibrational states are indicated), population
probabilities of the locally-excited,PLE(t), charge-transfer,PCT(t), and ground,PG(t), electronic states, and wave-packet motion in these states,σLE(Q, t),
σCT(Q, t), σG(Q, t) (3D and contour plots), respectively.

ground state,PG(t) (solid line in the population-probability
graph), increases in a stepwise manner until∼400 fs and
exhibits oscillations which are a mirror image of the oscil-
lations ofPCT(t) between∼400 and∼800 fs.

The calculations demonstrate that the ET dynamics for
this model is characterized by the consecutive transfer of

the laser-induced coherent wave-packet motion from the
locally-excited to the charge-transfer and then to the ground
state. Coherent vibrational motion thus can survive several
sequential nonadiabatic processes. It is conceivable that
coherent vibrational dynamics can play an essential role
in long-range ET via several bridge states, for example in
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Fig. 5. Excited-state ET dynamics (population probability of the initially
excited donor state) for: (a) normal and (b) inverted-region models. Shown
are results of multilevel Redfield theory (dashed line) as well as results
of the self-consistent hybrid approach (solid line).

photosynthetic reaction centers or in electronic transport
through molecular wires.

5. Validity of multilevel Redfield theory for description
of ultrafast ET processes

Here, we briefly inquire on the validity of Redfield the-
ory for the description of ultrafast ET reactions. The re-
sults for the models considered inSection 4.1are compared
to predictions of numerically exact calculations within the
self-consistent hybrid method3.

The self-consistent hybrid method as well as its appli-
cations to different electron-transfer systems have been de-
scribed in detail in[32–35]. Its basic idea is to introduce
an iterative convergence procedure in a dynamical hybrid
approach. While keeping its applicability to fairly general
problems, the method aims at describing quantum dynamics
for reactions in complex systems in a numerically exact way.
To achieve this goal, the overall system is first partitioned
into a core and areservoir, based on any convenient, but

3 The model Hamiltonian is as in[40].

otherwise rather arbitrary, initial guess. A dynamical hybrid
calculation is then carried out, with the core treated via a nu-
merically exact quantum mechanical method and the reser-
voir treated via a more approximate method. Next, the size
of the core is systematically increased (and other variational
parameters are adapted) until numerical convergence (usu-
ally to within 10% relative error) is reached for the overall
quantum dynamics.

Fig. 5 shows the populational dynamics of the donor
state for models of excited-state ET in the normal and
inverted regions. Despite a slight discrepancy from the
numerically-exact calculations, Redfield theory is capable
to reproduce all the features of ET dynamics: the overall
decay rate and the coherent structures are as those given by
calculations within self-consistent hybrid method.

As has been shown in[40], the minor disagreement
in the normal-region model (Fig. 5a) is due to the sta-
tionary Redfield-tensor approximation. The perturbative
treatment of the system–bath interaction is fully justi-
fied in this regime (η = 0.1). On the other hand, in the
case of the inverted-region model (Fig. 5b), the stationary
Redfield-tensor approximation does not introduce any vis-
ible error (see[40] for details). The small difference from
the self-consistent hybrid results is caused by the somewhat
larger system–bath coupling strength,η = 0.3.

6. Conclusions

Multilevel Redfield theory has been employed for
the modeling of ultrafast ET which exhibits vibrational
wave-packet motion in the excited and/or ground electronic
states. Two-state models for the excited-state ET in the nor-
mal and inverted regions, and three-state models for the ET
in the inverted region have been considered.

In the two-state models, nonstationary initial condi-
tions have been considered in order to create a moving
wave-packet in the initially excited donor state. Wave-packet
motion in the acceptor state, appearing during the reaction,
has been detected both in the normal and inverted regions.
The time scale of the damping of vibrational motion in the
donor and acceptor states has been controlled by adjusting
the system–bath coupling strength. In the normal region,
two major time scales of ET have been observed: a very
fast initial decay of the donor-state population due to co-
herent vibrational motion in this state and a much slower
population transfer in the vibrationally relaxed system due
to tunneling (zero temperature has been assumed). In the
model describing ET in the inverted region, vibrational re-
laxation does not lead to a comparable slowing down of the
reaction, due to the larger excess energy and the lower-lying
crossing point of the diabatic potentials.

In the three-state models, we have employed multilevel
Redfield theory to model ultrafast photoinduced ET reac-
tions which occur in a stepwise manner via an interme-
diate CT state. Models with stationary and nonstationary
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preparation (i.e., with nonequilibrium and equilibrium nu-
clear geometry in the initial (LE) electronic state att = 0)
have been investigated. We have shown that if ET occurs
via an intermediate charge-transfer state, coherent repopula-
tion of the ground state is possible both with nonstationary
and with stationary initial condition, i.e., regardless the
Franck–Condon activity of the reaction mode, though the
origin of the vibrational coherence is different.

The wave-packet dynamics with nonstationary initial con-
dition is similar to that of the two-state model for the in-
verted region: an excess in vibrational energy and coherent
vibrational motion is generated by nonstationary prepara-
tion. The coherent vibrational motion is gradually transfered
from the initial LE state to the intermediate CT and then
(after approximately 100 fs) to the ground electronic state.

On the other hand, no wave-packet motion is generated
in the locally-excited state in the case of a Franck–Condon
inactive reaction mode (stationary initial condition). How-
ever, a moving wave packet can be created in the the ground
electronic state after its repopulation via the CT state.

While in the model with nonstationary initial condition
the main effect of the CT bridge state is a certain delay in the
repopulation of the ground state, the presence of at least one
intermediate electronic state with strongly shifted equilib-
rium geometry is crucial for obtaining coherent vibrational
dynamics in the product state in the case of stationary prepa-
ration. In this case, the vibrational coherence in the elec-
tronic ground state is generated by the ET reaction itself.

In order to justify the perturbative treatment of the
system–bath interaction in the considered models, we have
demonstrated that the predictions of multilevel Redfield
theory are very close to numerically exact results obtained
with the self-consistent hybrid approach.
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