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Abstract
We have studied the capabilities of intense ultrashort chirped pulses for controlling the long range electron transfer in systems
strongly coupled to a polar medium. We considered a two state electronic donor/acceptor system, possessing a large diﬀerence of
permanent dipole moments between donor and acceptor states, with relaxation treated as a diﬀusion on electronic potential energy
surfaces. This relaxation model has enabled us to trace continuously the transition from a coherent population transfer to incoherent
one. In addition to the ﬁeld controlled electron transfer, we take into account a possibility of the direct optical transition between
electronic states under study as well. We have introduced the generalized Rabi frequency that enabled us to extend the concepts and
ideas of population transfer, developed for optical transitions, to the electron transfer (radiationless process) controlled with strong
electromagnetic ﬁeld. We have shown that it is possible to realize the ‘‘radiationless’’ analogies to p-pulse excitation, adiabatic rapid
passage and pump–dump process. We have obtained a physically clear picture of the analogy to the adiabatic rapid passage for the
chirped controlled long-range electron transfer by studying vibrationally non-equilibrium populations behavior and careful examination of all the conditions needed for adiabatic rapid passage.
 2004 Elsevier B.V. All rights reserved.

1. Introduction
Controlling the electron transfer (ET) with strong
electromagnetic ﬁeld was the topic of active research
during the last few decades [1–11]. All the systems discussed in this relation were characterized by a large difference of permanent dipole moments for diﬀerent
electronic states. Interaction of strong electromagnetic
ﬁeld with such systems leads to modulation of their
energetic spectrum by the ﬁeld frequency x. This modulation alters the relative arrangement of the conﬁgurational surfaces corresponding to diﬀerent electronic
states and may essentially change the electron transfer
rate due to its strong dependence on the diﬀerence in
the electronic state energies. It seems likely that this idea
*
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was ﬁrst applied to the activation of radiationless transitions in large molecules [1–3] and in vibronic systems
with a degenerated excited electronic state [12] in seventies. The eﬃciency of the energy spectrum modulation
depends on the value of the parameter z ¼ DDE=ð
hxÞ
[1–5,9] where DD = D22  D11 is the dipole moment difference between initial and ﬁnal states, and E is the
amplitude of electromagnetic ﬁeld. For many complex
molecules the electronic excitation is characterized by
a change in the permanent dipole moment reaching 10
D. The activated radiationless transitions in these molecules are quite competitive with the direct optical transitions [2,3] though for large organic molecules z  1.
After 20 years interest in systems under discussion
was resumed in the context of controlling the long range
ET in mixed-valence transition metal complexes with laser ﬁeld [4,6–8,10,11,13]. These compounds are prospective materials for creating optical and electronic devices
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sign. The results of the above-mentioned experiments
have been explained in terms of the intrapulse pump–
dump process [17,22,27]. In the wave packet picture,
the ﬁrst ﬁeld interaction places amplitude on the S1 excited state (Fig. 1). This amplitude starts to slide down
the potential energy surface. A second ﬁeld interaction
either can bring more amplitude up, creating population
in the excited state, or it can bring the amplitude from
the ﬁrst ﬁeld interaction back down to the S0, creating
a displaced hole in the ground electronic state. Since
the wave packet on S1 is moving from higher optical frequencies to lower, the ground state population increases
for excitation by negatively chirped (NC) pulses. Thus, a
NC pulse creates a non-stationary ground state component, while a positively chirped (PC) pulse increases the
excited electronic state population [27,30,33]. Incoherent
description of this eﬀect in complex molecules in solution have been carried out in [33], using the picture of
‘‘moving’’ potentials.
The most eﬀective population transfer between atomic
and molecular electronic states can be achieved by coherent light-molecule interaction like adiabatic rapid passage (ARP) [21,34–37]. ARP is based on sweeping the
pulse frequency through a resonance. The mechanism
of ARP can be explained by avoided crossing of dressed
states as a function of the instantaneous laser pulse frequency x(t) [34]. A scheme based on ARP is robust since
it is insensitive to pulse area and to the precise location of
the resonance. ARP in molecules in solution has been
studied in [37]. It has been shown in this work that relaxation does not hinder a coherent population transfer for
positive chirped pulses and moderate detunings of the
central pulse frequency with respect to the frequency of

based on quantum size eﬀects and tunneling [13]. For
mixed-valence transition metal ET complexes the permanent dipole moment diﬀerence between donor and
acceptor electronic states can be very large (70 D)
[5,9]. At the same time the magnitude of an electronically oﬀ-diagonal matrix element in such systems is
much smaller and can be omitted [4,5]. Due to the large
permanent dipole moment diﬀerence, parameter z in the
last systems can be larger than 1 for the values of
E  106  107 V=cm [4,5]. These ﬁeld strengths are
smaller than those needed for the solvent dielectric
breakdown. The values of z J 1 determine the resonance structure of the tunneling rate [4] and dramatic
variations in the frequency dependence of the absorption cross section as a function of laser intensity [5]. In
[9,10] the problem of external ﬁeld control of non-adiabatic ET and optical absorption of long range ET
systems in intense ﬁelds has been extended to the
solvent-controlled regime.
High ﬁeld strength can be achieved, as a rule, in the
short pulse regime. Moreover, using short pulses increases the value of the breakdown ﬁeld. An additional
point to emphasize is the large progress in optical control of molecular dynamics by using chirped laser pulses
[14–32]. Ultrashort pulses intrinsically consist of a broad
range of frequency components. The relative phase of
these frequency components can be systematically changed by introducing positive or negative chirp. Chirped
pulses are very eﬃcient for achieving radiation population transfer in atomic and molecular systems. Experiments on intense chirped pulse excitation of the laser
dye molecules in liquid solutions [27] showed a strong
dependence of the excited state population on the chirp
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S1

ω(t-τ3)
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Fig. 1. Diagrams of the intrapulse pump–dump process for negatively chirped (NC) pulse and positively chirped (PC) pulse excitation. The time of
the interaction of the excited molecule with light (s2) shortens for PC excitation with respect to that for NC excitation. We used designations of the
time arguments in accordance with the double-sided Feynman diagrams describing the intrapulse pump–dump process (see Fig. 6 of [37]).
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Franck–Condon transition. Moreover, under these conditions the relaxation favors more eﬃcient population
transfer with respect to the system with frozen nuclear
motion (without relaxation).
In the present work we intend to clarify the following
issues. Is it possible to realize analogies to pump–dump
process and ARP for the ET (radiationless process) controlled with strong electromagnetic ﬁeld? Can one
achieve a total population transfer to the acceptor state,
using the analogy to ARP? If yes, what are appropriate
parameters of such a ﬁeld?
The objective of this paper is to answer all these questions. Such a purpose proposes a coherent description of
the ET under discussion that is beyond the scope of the
solvent-controlled regime studied in [9,10] for the CW
electromagnetic perturbation. We address our theory to
photosynthetic bacterial reaction centers and long-range
electron transfer systems. In addition to the ﬁeld induced
ET, we consider also a possibility of the direct optical
transition between electronic states under study. Occurring such simultaneous transitions has been predicted in
[3]. Therefore, the present paper can be considered as
extension of the theory [33,37] related to dynamics of
direct optical chirped pulse excitation of molecules in
solution to the ET problem and multiphoton resonances.
Some of the preliminary results in controlling long
range ET by intense ultrashort chirped pulses are presented in Conference Proceedings [38]. Here, we give a
full account of this study with essentially new results.
The outline of the paper is as follows. In Section 2, we
derive equations for the density matrix of a donor/acceptor system, possessing a large diﬀerence of permanent dipole moments between the donor and acceptor
states, under the action of chirped pulses when the interaction with a dissipative environment can be described
as the Gaussian–Markovian modulation. In Section 3,
we formulate a number of approaches to the total model
of Section 2. In Section 4, we extend concepts and ideas
of optical population transfer to long range electron
transfer systems. In Section 5, we solve equations for
the total model derived in Section 2. In Section 6, we
present the calculation results and analyze the underlying physics. In Section 7, we summarize our results. In
Appendix A, we show that the approximate ‘‘partial
relaxation’’ model of Section 3 can be obtained not
assuming the standard adiabatic elimination of the
momentum for the non-diagonal density matrix.

2. Derivation of basic equations
Let us consider a donor/acceptor system in a solvent
described by the zero-order Hamiltonian
X
H0 ¼
jni½En þ W BOn ðQÞhnj;
ð1Þ
n
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Fig. 2. Energy states of photosynthetic bacterial reaction center. The
donor–acceptor transition AD ! AD+ occurs through two intermediate states: the optically excited state (AD)* and a higher intermediate
state, which are denoted as |1æ and |2æ, respectively.

where En is the energy of state n, WBOn(Q) is the BornOppenheimer Hamiltonian of reservoir R (the vibrational subsystems of a solute and a solvent interacting
with the electron system under consideration in state
n). The electronic state before the charge transfer is denoted as donor |1æ. We address our theory to both the
long range electron transfer systems like metal–metal
charge transfer complexes [13,39,40], and the photosynthetic bacterial reaction centers [41]. For the ﬁrst systems we study the direct transition |1æ ! |2æ where |2æ
denotes the state describing the electron on the acceptor
site. Similar to [4,5,9,13,39], we use a two electronic state
model (without bridging states). As to the photosynthetic bacterial reaction centers, we consider the case
when the donor–acceptor transition AD ! AD+ occurs through the two intermediate states (see Fig. 2):
the optically excited state (AD)* and a higher intermediate state which are also denoted as |1æ and |2æ, respectively. 1 Thus, populating state |2æ is favorable for the
donor–acceptor transition in the reaction centers. Below
we will centre on transition |1æ ! |2æ, bearing in mind its
diﬀerent meaning in the long-range ET systems and the
photosynthetic bacterial reaction centers.
The donor/acceptor system is aﬀected by electromagnetic radiation of frequency x
1
EðtÞ ¼ ~
EðtÞ expðixt þ iuðtÞÞ þ c:c:;
ð2Þ
2
where EðtÞ and u(t) are real functions of time, and u(t)
describes the change of the pulse phase in a time t. The
instantaneous pulse frequency is x (t) = x  (du/dt).
The inﬂuence of the vibrational subsystems of a solute and a solvent on the electronic transition can be described as a modulation of this transition by low
frequency (LF) vibrations {xs} [42,43]. In accordance
with the Franck–Condon principle, an electronic
transition takes place at a ﬁxed nuclear conﬁguration.
Therefore, the quantity u(Q) = WBO2(Q)  WBO1(Q) 
ÆWBO2(Q)  WBO1(Q)æ1 is the disturbance of nuclear
1
We thank Dr. M. Hayashi who has drawn our attention to the
reaction centers.
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motion under electronic transition. Here, h in 
TrR ð. . . qRn Þ denotes the trace operation over the reservoir variables in the electronic state n
qRn ¼ expðbW BOn Þ=TrR expðbW BOn Þ;

b ¼ 1=k B T :

Electronic transition relaxation stimulated by LF vibrations is described by the correlation function K(t) =
Æu(0)u(t)æ of the corresponding vibrational disturbance
with characteristic attenuation time ss [33,43]. For broad
electronic spectra satisfying the ‘‘slow modulation’’
limit, we have r2s s2s  1, where r2s = K(0)
h2 is the
LF vibration contribution to a second central moment
of an electronic transition.
We suppose that 
hxs  kBT. Thus {xs} is an almost
classical system and operators WBOn are assumed to be
stochastic functions of time in the Heisenberg representation. The quantity u can be considered as a stochastic
Gaussian variable. We consider the Gaussian–Markovian process when K(t)/K(0) ” S(t) = exp (|t|/ss). In this
case one can obtain for the elements of the density matrix by the generalization of the equations of [10,33, 44–
48]
o
q ða; tÞ  iðx21  aÞq12 ða; tÞ
ot 12
hÞ
¼ ði=
hÞ½W 11 ðtÞ  W 22 ðtÞq12 ða; tÞ þ ði=
 ½V 012 þ W 12 ðtÞ½q11 ða; tÞ  q22 ða; tÞ þ L12 q12 ða; tÞ;
ð3Þ


o
j
qjj ða; tÞ ¼ ð1Þ ð2=
hÞIm ½V 021 þ W 21 ðtÞq12 ða; tÞ
ot
þ Ljj qjj ða; tÞ;

where diagonal quantities Æqæjj(t) are nothing more nor
less than the populations of the electronic states:
Æqæjj(t) ” nj, n1 + n2 = 1.
2.1. Interaction picture
Let us separate out the diagonal part Wd(t) of W(t):
W(t) = Wd(t) + Wnd(t), and switch to the interaction
picture with the help of the unitary transformation
[1–3,9] Bint ! S1BS. Here, the unitary operator S satisﬁes the equation
dS
¼ W d S; S 1 ðt ¼ 0Þ ¼ 1:
ih
ð7Þ
dt
The solution of Eq. (7) is


Z t
1
d
0
0
S kk 0 ¼ ðS k0 k Þ ¼ dkk0 exp ði=hÞ
W kk ðt Þ dt

¼ dkk 0 exp ði=hÞDkk

 uðt0 Þ :

0

Z

t

dt0 Eðt0 Þ cos½xt0
0

Eqs. (3) and (4) take the following form in the interaction picture:
o int
q ða; tÞ  iðx21  aÞqint
12 ða; tÞ
ot 12
int
¼ ði=hÞ½V 0int
12 þ W 12 ðtÞ½q11 ða; tÞ  q22 ða; tÞ
þ L12 qint
12 ða; tÞ;

ð4Þ

where j = 1, 2; V 0 describes non-radiative ET between
localized diabatic states 1 and 2, W = D Æ E(t) is the
operator of electric dipole interaction, D is the dipole
moment operator, a = u/
h, x21 is the frequency of
Franck–Condon transition 1 ! 2, xst is the Stokes shift
of the equilibrium absorption and luminescence spectra,
dij is the Kronecker delta, 
hbr2s = xst, b = 1/(kBT). The
terms



 o
o2
þ
r
Ljj ¼ s1
1
þ
a

d
x
ð5Þ
j2 st
2s
s
oa
oa2
on the right-hand side of Eq. (4) describe the diﬀusion with respect to the coordinate a in the corresponding eﬀective parabolic potential [33], L12 =
(L11 + L22)/2.
The partial density matrix of the system qij (a, t) describes the system distribution with a given value of a
at time t. The complete density matrix averaged over
the stochastic process which modulates the system energy levels, is obtained by integration of qij (a, t) over a
(the generalized solvent coordinate)
Z
hqiij ðtÞ ¼ qij ða; tÞ da;
ð6Þ

ð8Þ

ð9Þ



o
int
int
qjj ða; tÞ ¼ ð1Þj ð2=hÞIm ½V 0int
21 þ W 21 ðtÞq12 ða; tÞ
ot
þ Ljj qjj ða; tÞ;
ð10Þ
where
1
Bint
12 ¼ S 11 BS 22

¼ expfði=hÞDD

Z

t

dt0 Eðt0 Þ cos½xt0  uðt0 ÞgB;

ð11Þ

0

B = q, V 0 , Wnd. We evaluateR the integral on the rightt
hand R side of Eq. (11) 0 dt0 Eðt0 Þ cos½xt0  uðt0 Þ ¼
t
0
0
0
ð1=2Þ 0 dt Eðt Þ expðixt Þ þ c:c: with integration by
part
Z t
Eðt0 Þ expðixt0 Þ dt0
0
Z t
1
1
dEðt0 Þ
EðtÞ expðixtÞ þ
¼
expðixt0 Þ dt0 ;
ix
ix 0 dt0
ð12Þ
where we put E(0) = 0 without loss of generality.
The time derivative dEðtÞ=dt ¼ ðdEðtÞ=dtÞ exp ½iuðtÞþ
iðduðtÞ=dtÞEðtÞ consists of two contributions. The ﬁrst
one  dEðtÞ=dt is inversely proportional to the pulse
duration tp. The second one du(t)/dt is proportional
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to the diﬀerence between the carrier and instantaneous
pulse frequencies du(t)/dt = x  x (t). Therefore, for
pulses whose duration is much longer than 1/x, and
the frequency change during the pulse action is much
smaller than x, the second term on the right-hand
side of Eq. (12) can be neglected relative to the ﬁrst
term. With these assumptions we obtain (see also [49])
Z t
1
EðtÞ sin½xt  uðtÞ: ð13Þ
dt0 Eðt0 Þ cos½xt0  uðt0 Þ
x
0
Using Eqs. (11)
Ps¼1and (13) and the formula [50]
expðiz sin hÞ ¼ s¼1 J s ðzÞ expðishÞ, we have
Bint
nm ðtÞ

¼

kX
¼1

J k ðzðtÞÞ expfik½xt  uðtÞgBnm ;

ð14Þ

k¼1

where Jk is the kth-order Bessel function,
zðtÞ ¼ DDEðtÞ=ð
hxÞ. We inset Eq. (14) into Eqs. (9)
and (10), and using a recurrence formula 2(k/z)
Jk (z) = Jk + 1 (z) + Jk  1 (z), obtain
o int
q ða; tÞ  iðx21  aÞqint
12 ða; tÞ
ot 12
kX
¼1
expfik½xt  uðtÞg
¼ ði=
hÞ½q11 ða; tÞ  q22 ða; tÞ
k¼1
ðkÞ

 J k ðzðtÞÞR12 þ L12 qint
12 ða; tÞ;

ð15Þ

kX
¼1
o
qjj ða; tÞ ¼ ð1Þj ð2=hÞ
J k ðzðtÞÞ
ot
k¼1
n
o
ðkÞ
 Im R21 exp fik½xt  uðtÞgqint
12 ða; tÞ

þ Ljj qjj ða; tÞ:

ð16Þ

Here, we have introduced an eﬀective operator R(k) for
the interaction between electronic states 1 and 2, whose
matrix elements are
ðkÞ

R12 ¼ V 012  
hkx

D12
:
DD

ð17Þ

Eﬀective operator R(k) describes both the radiationless
ðV 012 6¼ 0Þ and radiation (D12 6¼ 0) transitions 1 ! 2,
and the interference between them [3] as well.
ðkÞ
Let us evaluate diﬀerent contributions to R12 for the
transition |1æ ! |2æ in the reaction centers (see Fig. 2).
For k = 1, x  800 cm1, D12  0.1 D, DD = D22
D11  10 D, we have 
hxðD12 =DDÞ  8 cm1 < V 012
1
 30 cm . In other words, the ﬁeld induced radiationless transition is more eﬀective than the direct optical
one. It is worthy of noting that this evaluation does not
depend on the ﬁeld intensity.
2.1.1. N-photon resonances
Let us impose the N-photon resonant condition, i.e.
only Nx be close to the frequency of the transition
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1 ! 2, N = 1, 2, . . . Then switching to the total interaction picture with the help of the transformation
~12 ða; tÞ ¼ qint
q
12 ða; tÞ exp ½iN ðxt  uðtÞÞ;

ð18Þ

we obtain
o
~ ða; tÞ  i½x21  N xðtÞ  a~
q12 ða; tÞ
q
ot 12
ðN Þ

¼ ði=hÞ½q11 ða; tÞ  q22 ða; tÞJ N ðzðtÞÞR12
~12 ða; tÞ;
þ L12 q

ð19Þ

h
i
o
ðN Þ
j
~12 ða; tÞ
qjj ða; tÞ ¼ ð1Þ ð2=hÞJ N ðzðtÞÞIm R21 q
ot
þ Ljj qjj ða; tÞ:

ð20Þ

2.2. Equations for components of pseudospin vector
Let us switch to equations for the components of the
pseudospin vector [35]
~vða; tÞ ¼ i½q
~21 ða; tÞ  q
~12 ða; tÞ;
~12 ða; tÞ þ q
~21 ða; tÞ;
u~ða; tÞ ¼ q

ð21Þ

 ða; tÞ ¼ q22 ða; tÞ  q11 ða; tÞ:
w
The last satisfy the following equations:
o
 ða; tÞ ¼ XN ðtÞ~vða; tÞ þ L12 w
 ða; tÞ  dLsða; tÞ;
w
ot
o
~
uða; tÞ þ ½x21  N xðtÞ  a~vða; tÞ ¼ L12 ~
uða; tÞ;
ot
o
~vða; tÞ  ½x21  N xðtÞ  a~
uða; tÞ ¼ XN ðtÞ
wða; tÞ þ L12~vða; tÞ;
ot
o
sða; tÞ ¼ L12 sða; tÞ  dL
wða; tÞ;
ot
ð22Þ

where s(a,t) = q22(a,t) + q11(a,t), dL  ðL11  L22 Þ=2 ¼
ð1=2Þs1
s xst o=oa. Here, in generalization of the Rabi frequency X ¼ D12 EðtÞ=h for an optical transition we have
introduced the generalized Rabi frequency
ðN Þ

XN ðtÞ ¼ ð2=hÞJ N ðzðtÞÞR12 :
For N = 1, V

0
12

XN ðtÞ ¼ X1 ðtÞ

ð23Þ

¼ 0 and DD ! 0
ð2=hÞ

zðtÞ
D12 EðtÞ
ðhxD12 =DDÞ ¼
;
2
h
ð24Þ

i.e., the generalized Rabi frequency coincides with X.
With X in place of XN(t), Eqs. (22) agree with Eq. (9)
of [37] for N = 1. Such an analogy enables us to extend
some concepts and ideas of population transfer, developed for optical transitions, to the systems under
consideration.
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3.3. Equations
populations

3. Approximate models
The solutions, corresponding to Eqs. (19), (20) and
(22), are termed the total model for short, bearing in
mind that they take into account all the relaxations (diffusions) related to electronic coherence and populations
in both electronic states. In this section, we describe a
number of approaches to the total model.
3.1. System with frozen nuclear motion
For pulses much shorter than ss one can ignore all
the terms Lij on the right-hand sides of Eqs. (19)
and (20). It means that our system can be described
as an ensemble of independent two-level systems with
diﬀerent transition frequencies corresponding to a pure
inhomogeneously broadened electronic transition. In
this case, Bloch equations (22) can be integrated independently for each a. After this the result must be averaged over a. Solutions of undamped Bloch equations
are interesting from the point of view of evaluation
of the greatest possible population of the excited state
due to coherent eﬀects, because these solutions ignore
all the irreversible relaxations destructing coherence.
The corresponding approach is termed ‘‘relaxationfree’’ model for short.
3.2. Semi-classical (Lax) approximation
For broad electronic spectra satisfying the ‘‘slow
modulation’’ limit, we have r2s s2s  1, where
r2s = K(0)
h2 is the LF vibration contribution to a second central moment of an absorption spectrum. In the
last case electronic dephasing is fast, and one can use a
semiclassical (short time) approximation [51]. This limit is also known as the case of appreciable Stokes
losses because the perturbation of the nuclear system
under electronic excitation 1 ! 2 (a quantity
WBO2  WBO1) is large. Then one can ignore the last
~12 ða; tÞ on the right-hand side of Eq. (19)
term L12 q
[33,37,47] that describes relaxation (diﬀusion) of
~12 ða; tÞ
q
o
~ ða; tÞ  i½x21  N xðtÞ  a~
q12 ða; tÞ
q
ot 12
ðN Þ

ði=
hÞ½q11 ða; tÞ  q22 ða; tÞJ N ðzðtÞÞR12 :

Therefore, the solutions which correspond to Eqs. (20)
and (25) are termed ‘‘partial relaxation’’ model for
short [37]. It is worthy to note that the ‘‘partial relaxation’’ model oﬀers a particular advantage over the
total model. The point is that the ﬁrst can be derived
not assuming the standard adiabatic elimination of
the momentum for the non-diagonal density matrix,
which is incorrect in the ‘‘slow modulation’’ limit [52]
(see Appendix A).

vibrationally

non-equilibrium

~12 ða; tÞ and substituting the corSolving Eq. (19) for q
responding expression into Eq. (20) for qjj(a,t), we
obtain
Z 1
Z 1
j1
o
ð1Þ
0
q ða; tÞ ¼
Re
da
dxXN ðtÞ
ot jj
2
1
0
 XN ðt  xÞ
wða0 ; t  xÞG12 ða; t; a0 ; t  xÞ
 expfiN ½xx  ðuðtÞ  uðt  xÞÞg
þ Ljj qjj ða; tÞ;

ð26Þ

if EðtÞ ¼ 0 for t 6 0. Here, G12(a,t;a 0 ,t 0 ) is the Greens
function of Eq. (19) [10,37,53].
In this section, we consider the slow modulation limit
when r2s s2s  1, and pulses are longer than irreversible
dephasing time of the electronic transition T 0 = (ss/
r2s)1/3 (i.e. tp  T 0 ) with a moderate phase modulation
rate when |dx(t)/dt|T 0 < (T 0 )1 [33]. In addition the
pulse
qﬃﬃﬃﬃﬃﬃ intensity is limited by the condition
1
p
jXN max j2  ðT 0 Þ1 , which means that probability
2
2r2s
of the light-induced electronic transition is much smaller
than reciprocal irreversible dephasing time. Then the
variable x in Eq. (26) is of the order of the relaxation
time of the non-diagonal element of the density matrix,
which is about x  T 0  t for pulses under consideration. Therefore, one can disregard by changing the
 ða; tÞ and generalized Rabi frequency XN(t)
inversion w
in Eq. (26) during time x and take them outside the integral over x
o
ð1Þ
qjj ða; tÞ ¼
ot
Z2

j1

X2N ðtÞ

1

da0 I N ða; a0 ; tÞ
wða0 ; tÞ þ Ljj qjj ða; tÞ;



1

ð27Þ
where we denoted
I N ða; a0 ; tÞ ¼ Re

ð25Þ

for

Z

1

dxG12 ða; t; a0 ; t  xÞ
0

 exp fiN ½xx  ðuðtÞ  uðt  xÞÞg:
ð28Þ
In what follows, using the method, which is similar to
that of Section IVC of [37], we obtain the balance equations for the quantity qjj(a,t)
o
j1
q ða; tÞ ¼ ð1Þ K N ða; tÞ
wða; tÞ þ Ljj qjj ða; tÞ;
ot jj

ð29Þ

B.D. Fainberg et al. / Chemical Physics 307 (2004) 77–90

where

Z

1

1
daI N ða; a0 ; tÞ
K N ða0 ; tÞ ¼ X2N ðtÞ
2
Z1
1
1 2
¼ XN ðtÞ
dx cos ½ðxel  N xÞx þ N ðuðtÞ
2
0
 uðt  xÞÞ  ss ð1  expðx=ss ÞÞða0  xst =2Þ


1
 exp r2s ss ss ð1  expðx=ss ÞÞ
2

ð30Þ
 ð3  expðx=ss ÞÞ  x :
The ﬁrst term on the right-hand side of Eq. (29)
KN(a,t) describes radiation and radiationless transitions between electronic states.
To evaluate the magnitude KN(a,t) [see Eq. (30)], we
will use a short time approximation similar to Section
IVC of [37]. As a result we obtain
K N ða; tÞ

Z 1
1 2
XN ðtÞ
dx cos½ðx21  N xðtÞ  aÞx
2
0


1
 exp  ðx=T 0 Þ3 :
3

ð32Þ

The Greens function of Eq. (29) [47]
1=2

gives the conditional probabilities for a stochastic
Gaussian process. In the last equation r(t  t 0 ) =
r2s[1  S2(t  t 0 )]. Integration of Eq. (29) is achieved
by Greens function (33) for the initial condition
ð0 Þ

1=2

exp a2 =ð2r2s Þ :

 ðx21  N xðt0 Þ; t0 Þ:
w

ð35Þ

Putting a = x21  Nx(t) in Eq. (35), we obtain an
integral p
equation
for a dimensionless quantity
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
 ðx21  N xðtÞ; tÞ
DN ðtÞ   2pr2s w
h
i
ðN Þ
1=2 1
DN ðtÞ ¼ exp bEA1 ðtÞ  ð2p=r2s Þ
4
Z t

dt0 X2N ðt0 ÞDN ðt0 ÞR0N ðt; t0 Þ;
ð36Þ
0

where the quantity
1=2

R0N ðt; t0 Þ ¼ 1  S 2 ðt  t0 Þ
 h
2
i2
X
ðN Þ1=2
ðN Þ1=2

exp b EAj ðtÞ  EAj ðt0 ÞS ðt  t0 Þ
1  S 2 ðt  t 0 Þ


ð37Þ

describes the contributions from the induced radiationless and direct optical transitions 1 ! 2 (j = 1) and the
induced transitions 2 ! 1(j = 2) to DN(t). Here, we have
introduced notations, which are similar to those of used
in the electron transfer theory [54]: DEN ðtÞ ¼
h½N xðtÞ  xel21  – the time-dependent energy gap where
xel21 ¼ x21  xst =2 is the frequency of pure electronic
transition 1 ! 2; Er = hxst/2 – the reorganization
ðN Þ
j
2
energy; EAj ðtÞ ¼ ½DEN ðtÞ þ ð1Þ Er  =ð4Er Þ – the activation energy in electronic state j.
The quantity DN(t) enables us to calculate the populations of the electronic states nj(t). Using Eqs. (6) and
(33)–(35), we obtain
sﬃﬃﬃﬃﬃﬃ Z
2p t 0 2 0
j1
nj ðtÞ ¼ d1j þ ð1Þ
dt XN ðt ÞDN ðt0 Þ:
ð38Þ
4 r2s 0
The computational technique for solution of integral
equation (36) is similar to that of Eq. (17) of [33].
4. Extending concepts and ideas of optical population
transfer to long range electron transfer systems

Gjj ða; t; a0 ; t0 Þ ¼ ½2prðt  t0 Þ
 

 
 exp  a  dj2 xst  a0  dj2 xst

2
ð33Þ
 Sðt  t0 Þ =ð2rðt  t0 ÞÞ ;

qjj ðaÞ ¼ dj1 ð2pr2s Þ

0

ð31Þ

3.3.1. Integral equation
In the extreme slow modulation limit when
pﬃﬃﬃﬃﬃﬃ 0
r2s T  1, the right-hand side of Eq. (31) can be evaluated as the following:
K N ða; tÞ

Using evaluation (32), we have
p
ð0Þ
qjj ða; tÞ ¼ qjj ðaÞ þ ð1Þj1
2
Z t
0 2 0

dt XN ðt ÞGjj ða; t; x21  N xðt0 Þ; t0 Þ

j¼1

One can see from Eq. (31) that the function KN(a,t) has a
peak at a = x21  Nx(t), i.e. at instantaneous intersections of the Nth ‘‘photonic replication’’ with the corresponding electronic states.
Eq. (29) along with Eqs. (30) and (31) is the generalization of Eq. (30) of [37], Eqs. (3.2) and (3.3) of [9] and
Eq. (29) of [10] to the control of ET with chirped pulses.
In addition, Eqs. (29)–(31) generalize the equations of
the references under discussion to the case of simultaneous existing both radiation and radiationless transitions.

p 2
X ðtÞdðx21  N xðtÞ  aÞ:
2 N

83

ð34Þ

4.1. Generalized pulse area
The system response to non-phase modulated pulse
depends on the detuning x21  Nx  a and on the generalized pulse area
Z þ1
A¼
XN ðtÞ dt;
ð39Þ
1

that reduces to usual deﬁnition for DD = 0 (see Eq. (24)). In
particular, for light-induced non-radiative ET (D12 = 0)
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2
A ¼  V 012
h


Z

þ1

J N ðzðtÞÞ dt:

ð40Þ

1

Fig. 3 shows the generalized pulse area Eq. (40) for a
Gaussian pulse EðtÞ ¼ EðtÞ where
h
i
2
EðtÞ ¼ E0 exp ðd2 =2Þðt  t0 Þ
ð41Þ
pﬃﬃﬃﬃﬃﬃﬃﬃ
as a function of the pulse duration ðtp ¼ 2 ln 2=dÞ and
peak amplitude ðzmax ¼ DDE0 =ð
hxÞÞ for light-induced
one-photon (N = 1) non-radiative ET (DD = 70 D).
The area dependence on zmax is non-monotone through
the Bessel function presence in Eq. (40). Optimal conditions for the population transfer take place at deﬁnite
pulse amplitudes that correspond to maxima of the Bessel function. One can see that the area can reach p (for
zero detuning) for the values of the electron coupling
V 012  100 cm1 and pulse durations 100 fs at moderate intensities 2 · 109 W/cm2.
4.2. Adiabatic rapid passage
Let us consider strongly chirped pulses when the
pulse duration is much larger than that of the transform
limited one (see [37,55,56]). For these conditions, using
the generalized Rabi frequency, one can extend the
ARP criteria for a two-level system [21,37,57,58] to the
following:
2

ðT 0 Þ ;

dxðtÞ
2
 jXN ðtÞj ;
dt

ð42Þ

where T 0 is the irreversible dephasing time of the electronic transition (T 0 = (ss/r2s)1/3 for electronic transition
exposed to the Markovian Gaussian-correlated noise
[33,37]), and we assumed the resonance conditions, i.e.
equality x21  a = Nx(t) is realized for any a at a deﬁnite instant of time. For light-induced radiationless transitions (D12 = 0) the generalized Rabi frequency
becomes

XN ðtÞ ¼ ð2=hÞJ N ðzðtÞÞV 012 :
Consider linear chirped pulses of the form


i
2
EðtÞ ¼ EðtÞ exp lðt  t0 Þ ;
2

ð43Þ

ð44Þ

where EðtÞ is determined by Eq. (41). If chirped pulses
are obtained by changing the separation of pulse compression gratings, the parameters d and l are determined
by the following formulae [27,33]:
.h
i
d2 ¼ 2s2p0 s4p0 þ 4U002 ðxÞ ;
.h
i
ð45Þ
l ¼ 4U00 ðxÞ s4p0 þ 4U002 ðxÞ ;
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
where sp0 ¼ tp0 = 2 ln 2, tp0 is the pulse duration of the
corresponding transform-limited pulse, and U00 (x) =
U00 (m)/(4p2) is the chirp rate in the frequency domain.
For strongly chirped pulses 2jU00 ðxÞj  s2p0 (see
[55,56]), and |dx(t)/dt| = |l| 1/|U00 (x)|. Therefore,
ARP criterion (42) for light-induced radiationless transitions (see Eq. (43)) can be written as follows:
2

ðT 0 Þ ; 1=jU00 ðxÞj  jXN ðtÞj

2

¼ jð2=hÞV 012 J N ðzðtÞÞj2 :

ð46Þ

Using the last inequalities, one can obtain approximate
estimates: T 0  50 fs and U00 (m)  8 · 104 fs2 for V 012 
100 cm1 and N = 1, bearing in mind that
J1max = 0.5815.
It is worthy to note that in contrast to inequalities
(46), the corresponding estimate for direct optical transitions (D12 6¼ 0, V 012 ¼ 0 and DD ! 0) [37] does not contain the chirp rate in the frequency domain U00 (x). The
point is that in the last case the square of the Rabi frequency is proportional to the pulse intensity, which decreases as 1/|U00 (x)| for strongly chirped pulses. In
contrast, the square of the generalized Rabi frequency
for a light-induced radiationless transition on the
right-hand side of Eq. (46) is conﬁned by the value of
2
jð2=hÞV 012 J N max j .
4.3. Intrapulse pump–dump process

Area/π

8

50
40

6
30
4

20

2
0

tp/tp0

10
5

10

15

Zmax
Fig. 3. Generalized pulse area for light-induced one-photon (N = 1)
non-radiative ET as a function of pulse duration and peak amplitude.

An eﬀective intrapulse pump–dump process is realized when populations of both electronic states are of
the same order of magnitude, i.e. n2  n1. It corresponds
to the value of the saturation p
parameter
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ for a2 direct
0
optical
transition
[33,37]
Q
¼
p=ð2r2s ÞjXmax j tp =2 ¼
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ R þ1
2
ln 2=ð2r2s Þ 1 jXðtÞj dt  1 where Xmax is the maximum value of the Rabi frequency X(t) and we used
Eq. (41). Bearing in mind Eq. (38) and the generalized
Rabi frequency XN(t) Eq. (23), the last criterion can be
replaced by
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ Z þ1
2
jXN ðtÞj dt  1;
ð47Þ
Q0N ¼ ln 2=ð2r2s Þ
1
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where Q0N can be named the generalized saturation
parameter. Let us evaluate the last magnitude for lightinduced radiationless transitions ðXN ðtÞ ¼ ð2=hÞJ N
ðzðtÞÞV 012 Þ and strongly chirped pulses considered in Section 4.2. Then
Z þ1
jXN ðtÞj2 dt  jð2=
hÞV 012 J N j2 tp
1
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2 2 ln 2jð2=hÞV 012 J N j2 jU00 ðxÞj=sp0
and we obtain, using Eq. (47)
pﬃﬃﬃﬃﬃﬃ
sp0 r2s
1
2
0
jð2=
hÞV 12 J N j 
:
00
2 ln 2 jU ðxÞj

tion n2 after the completion of pulse action. We consider linear chirped pulses determined by Eqs. (41),
(44) and (45). The pulse chirping does not change a
pulse spectrum. It only stretches a pulse and reduces
its peak intensity. We have chosen laser pulses with
a spectral full width at half maximum (FWHM) Dx
that is comparable with the electronic transition bandwidth. Figs. 4 and 5 show the calculation results of n2
as a function of U00 (m) for diﬀerent values of relaxation
times (Fig. 4) and diﬀerent detunings of the exciting
pulse carrier frequency x with respect to the frequency
of Franck–Condon transition x21 (Fig. 5), corresponding to the ‘‘relaxation-free’’, ‘‘partial relaxation’’ and
total models. These ﬁgures correspond to one-photon
(N = 1) light-induced radiationless (D12 = 0) transition. The values of the system and pulse parameters
are given in table where Emax ½U00 ðmÞ ¼ 0 and
zmax[U00 (m) = 0] denote maximum ﬁeld amplitude and
zmax, respectively, for the transform-limited (nonchirped) pulse.

ð48Þ

The ﬁrst multiplier on the right-hand side of Eq. (48) is
about 1 for typical experimental conditions, i.e.
pﬃﬃﬃﬃﬃﬃ
sp0 r2s =ð2 ln 2Þ  1. By this means criterion (48) is
weaker than the corresponding criterion for ARP Eq.
(46). Therefore, for V 012  100 cm1 and N = 1 an intrapulse pump–dump process can be realized when
U00 (m) P 8 · 104 fs2.

N=1
N=2

V 012 ðcm1 Þ

DD (D)

100
100

70

85

pﬃﬃﬃﬃﬃﬃ
r2s ðcm1 Þ

x (cm1)

tp0
(fs)

Dx (FWHM)
(cm1)

Emax ½U00 ðmÞ ¼ 0 ðV=cmÞ

560
663

9434

10
13

1471
1131

7.5 · 104

zmax[U00 (m) = 0]

15

5. Numerical solution
The computational technique for solution of coupled
equations (22) is similar to that of Eq. (9) of [37]. We use
dimensionless magnitudes: a time t  t=ss , a coordinate
1=2
x ¼ a=r2s , and the dimensionless shift between poten1=2
tial surfaces x0 ¼ xst =r2s ¼ ½
hxst =ðk B T Þ. In these terms
the Fokker–Planck operator L12 takes a standard form:
L12 = o2/ox2 + (x  x0/2)o/ox + 1, and dL = (x0/2)o/
ox. We seek a solution of Eq. (22) in the form of a basis
set expansion with eigenfunctions of the diﬀusion operator L12, /n(x  x0/2), which are proportional to Hermite polynomials
2
3
2  3
~
un ð t Þ
uðx; tÞ
1
6 ~vðx; tÞ 7 X

6 v ðtÞ 7
p
ﬃﬃ
ﬃ
6
7
6 n 7
/n ðx  x0 =2Þ= 2 6
6
7¼
7:
4w
4w
 ðx; tÞ 5 n¼0
 n ðtÞ 5
sðx; tÞ
sn ðtÞ
This leads to inﬁnite set of coupled ordinary diﬀerential
equations for expansion coeﬃcients un ðtÞ; vn ðtÞ;
 n ðtÞ and sn ðtÞ, which has to be truncated at a ﬁnite
w
number n = Nf and then can be integrated numerically
(see details in [37]).
6. Results and discussions
Let us study the inﬂuence of the chirp rate in the
frequency domain U00 (m) on the acceptor state popula-

1.0
0.8

n2

0.6
0.4
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0.4

(b)

0.2
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0.8
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(a)

0.4
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10 fs
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5

-4.0x10

5

-2.0x10

0.0

5
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5

4.0x10

2

φ''(ν ), fs

Fig. 4. Acceptor state population n2 after the completion of the pulse
action as a function of U00 (m) for the total (solid lines), partial
relaxation (dashed lines), and relaxation-free (dotted lines) models.
Frequency detuning (x  x21)/xst = 0; the correlation time ss = 1 ps
(a), 10 ps (b), and 100 ps (c).
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1.0

n2

(c)

0.8
0.6
0.4
0.2
0.0

ð49Þ

1.0
0.8
0.6
0.4

(b)

0.2
0.0
1.0

(a)

0.8
0.6
0.4
0.2

relaxation-free model).
Since a pulse energy is conserved
R þ1
on the chirping, i.e. 1 E2 ðtÞ dt  S ¼ const, the value
of zmax can be presented as
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
DD
DD
sp0 S
p
ﬃﬃﬃﬃﬃ
ﬃ
E0
zmax ¼

1
jU00 ðxÞj;
hx
hx jU00 ðxÞj 2p

3.5 ps

3.5 ps

10 fs

0.0
5

-4.0x10
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-2.0x10
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4.0x10

2
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Fig. 5. Acceptor state population n2 after the completion of the pulse
action as a function of U00 (m) for the total (solid lines), partial
relaxation (dashed lines), and relaxation-free (dotted lines) models
when ss = 10 ps. Frequency detuning (x  x21)/xst = 0.7 (a), 0 (b) and
0.7 (c).

The calculated dependences n2(U00 (m)) are conﬁned to
the values of an argument |U00 (m)| > 30,000 fs2 to exclude
ultrafast (2 fs) time oscillations of the generalized Rabi
frequency X1 ðtÞ ¼ ð2=
hÞJ 1 ðzðtÞÞV 012 , since our theory is
correct only for interactions whose duration is much
longer than 1/x (see Eq. (13)). Such oscillations arise
for rather large z when |U00 (m)| < 30,000 fs2 due to nonlinear dependence of Bessel function J1 on z(t).
6.1. Inﬂuence of dissipation on acceptor state population
6.1.1. Population behavior for relaxation-free model
Let us consider ﬁrst the inﬂuence of dissipation on the
acceptor state population n2 (Fig. 4). For moderately
large |U00 (m)|  (1.2  2.0) · 105 fs2 and relatively long
correlation times ss P 10 ps, the acceptor state population n2 reaches the value, which is close to its maximum
that stands out above 0.9 for the relaxation-free model.
In the last case the further increase in |U00 (m)| causes the
value of n2 to increase slightly. Such a behavior corresponds to that predicted by ARP criteria (42) and
(46). When |U00 (m)| = 1.2 · 105 fs2, the value of zmax is
equal to 1.916. Then J1(zmax) J1max, and according
to the numerical estimate immediately following Eq.
(46), a relatively large value of n2 for the conditions under consideration can be explained by ARP, because
|U00 (m)| = 1.2 · 105 fs2 > 8 · 104 fs2 (1/T 0 = 0 for the

using Eqs. (41), (44) and (45) for strongly chirped pulses.
When the magnitude |U00 (m)| increases in the region
|U00 (m)| > 1.2 · 105 fs2, the value of J1(zmax) decreases but
not faster than zmax/2, i.e. J1(zmax) > zmax/2, since
J1(zmax) . zmaxp
/2ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
for |zmax
ﬃ |  1. The last value is changed
as zmax =2  1= jU00 ðxÞj. In other words, p
the
valueﬃ of
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
J1(zmax) decreases not faster than  1= jU00 ðxÞj. It
2
means that the criterion 1=jU00 ðxÞj  jð2=hÞV 012 J 1 ðzðtÞÞj
is satisﬁed better when |U00 (m)| increases in the region
|U00 (m)| > 1.2 · 105 fs2 resulting in a small increasing of n2
for the relaxation-free model.
6.1.2. Population behavior in the presence of relaxation
Fig. 4 shows a noticeable dependence of the acceptor
state population n2 on relaxation time. The point is that
the ARP criterion (46) for the total model includes an
2
2
inequality ðT 0 Þ  jð2=hÞV 012 J 1 ðzðtÞÞj as well. For
5
2
|U00 (m)| = 1.2 · 10 fs when J1(zmax) J1max, the last inequality is satisﬁed for both ss = 10 ps (T 0 = (ss/r2s)1/3
= 96.5 fs) and ss = 100 ps (T 0 = 208 fs) (see the numerical estimate immediately following Eq. (46)). In these
cases the population transfer conditions are close to
those of ARP (see Figs. 4 and 4(b) and (c)). The value
of n2 is slightly larger for ss = 100 ps, because the
ARP condition is satisﬁed better for this case. However,
when |U00 (m)| increases in the region |U00 (m)| > 1.2 · 105
fs2, the value of J1(z(t)) decreases, and the ARP criterion
ceases to be satisﬁed. It explains decreasing n2 (especially
for ss = 10 ps) in the region |U00 (m)| > 1.2 · 105 fs2 for the
total and the partial relaxation models, which give very
similar results (Fig. 4(b)).
When ss = 1 ps (T 0 = 45 fs), the ARP criterion
2
0 2
ðT Þ < jð2=hÞV 012 J 1 ðzðtÞÞj ceases to be satisﬁed. Therefore, Fig. 4(a) shows a situation corresponding to the
intrapulse pump–dump process (see Section 4.3).
6.2. Inﬂuence of detuning on acceptor state population
Fig. 5 shows a noticeable dependence of the acceptor
state population n2 on detuning x  x21. The population transfer is largest for zero detuning x  x21 (Fig.
5(b)) when the transfer conditions are close to those
of ARP (see discussion for ss = 10 ps in Section 6.1),
and diminishes when x  x21 is diﬀerent from zero
(Fig. 5(a) and (c)).
To understand such a behavior, we will consider the
‘‘second condition to the adiabatic criterion’’ in terms
of [57,58]: to realize the ARP, a transition must start
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and come to the end far from resonance. Moreover, one
of the criteria Eq. (42): (T 0 )2  |XN(t)|2 has been obtained, using the Landau–Zener (LZ) model [59,60],
which is correct only when the second condition to the
adiabatic criterion is satisﬁed. To clarify in what extent
the last condition is satisﬁed for the chirped controlled
long-range ET, we will consider the vibrationally nonequilibrium populations behavior when detunings
x  x21 correspond to those presented in Figs. 5 and
5(b) and (c).
Fig. 6 presents the time evolution of vibrationally
non-equilibrium populations qii(a,t) calculated by solving coupled diﬀerential equations (22) for the total
model (see also Section 5) when U00 (m) = 120,000 fs2
and detunings (x  x21)/xst are equal to 0 (the left column) and 0.7 (the right column). In addition, Fig. 6
shows the eﬀective diabatic potentials related to the
acceptor state 2 and the ‘‘photonic replication’’ (‘‘moving’’ potential) of the donor state 1 [33]

2
U j ðaÞ ¼ Ej þ dj1 hxðtÞ þ h a  dj2 xst =ð2xst Þ; j ¼ 1; 2;
ð50Þ

b
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qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1
U 1 ðaÞ þ U 2 ðaÞ  ½U 1 ðaÞ  U 2 ðaÞ2 þ h2 X21 ðtÞ ;
2

where dji is the Kronecker delta. Consider ﬁrst the left
column. In an early stage of the exciting pulse all the
population is found in the ground state (Fig. 6(a), left)
far from the crossing point. In the middle of the pulse
(Fig. 6(b), left) the population of the excited diabatic
state occurs, and the vibrationally non-equilibrium
populations are localized near the avoided crossing.
In the end of the pulse (Fig. 6(c), left) a largest part
of the population has been transferred to the acceptor
diabatic state, and the corresponding vibrationally
non-equilibrium populations are localized far from
the avoided crossing. By this means the ARP-like population transfer is realized in the case under consideration due to the fulﬁllment of the second condition to
the adiabatic criterion. The last condition enables us
to use the LZ model to describe the population transfer
under discussion.
Let us consider the fulﬁllment of the second condition to the adiabatic criterion for non-zero detuning
x  x21 (the right column of Fig. 6). One can see that
in contrast to zero detuning excitation, the vibrationally non-equilibrium populations of the diabatic states
remain near the avoided crossing in the end of the
pulse (Fig. 6(c), right). The point is that the exciting
pulse spectrum is limited and of the same order as
the transition bandwidth in our simulations. Therefore,
the transition under discussion starts far from resonance and comes to the end near resonance. That is
to say, the second condition to the adiabatic criterion
fails for non-zero detuning x  x21. It explains the
dependence of n2 on detuning x  x21 observed in
Fig. 5. By this means ARP is realized when the detuning of the pulse carrier frequency with respect to the
frequency of Franck–Condon transition is close to
zero.
6.3. Population transfer for two-photon resonance

-8 -6 -4 -2 0 2 4 6 8 -8 -6 -4 -2 0 2 4 6 8

x

x

Fig. 6. Vibrationally non-equilibrium populations of the ground
(solid line) and excited (dashed line) states in the beginning (a), in the
middle (b) and at the end (c) of exciting pulse for ss = 10 ps and
positive chirp U00 (m) = 1.2 · 105 fs2. Frequency detuning (x  x21)/
xst = 0 (left column) and 0.7 (right column). Other parameters are
1=2
identical to those of Fig. 5, x ¼ a=r2s . Solid lines 2 and 1 0 are
eﬀective diabatic potentials related to acceptor state 2 and ‘‘photonic
replication’’ 1 0 of the donor state. The corresponding time-dependent
adiabatic potentials are shown by dotted lines. Inset: Electric ﬁeld
amplitude EðtÞ (solid line) and the generalized Rabi frequency
(dashed line), the arrows show the instants of time corresponding to
ﬁgures (a), (b) and (c).

Fig. 7 presents the population transfer for two-photon resonance conditions (N = 2) when the spectral
width of the pulse is eﬀectively doubled (see Eq. (37)).
The values of the system and pulse parameters are given
in the foregoing table. The rest parameters were the
followings: detuning (2x  x21)/xst = 0.5, ss = 300 fs
(T 0 = 27 fs). The results for transform-limited pulses
(2a,2b) of the same duration as that of a chirped pulse
with a given U00 (m) are also presented for comparison.
One can see from Fig. 7 that the population transfer is
essentially increased owing to pulse chirping. Dashed
lines (1c,2c) in this ﬁgure represent the results obtained
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Fig. 7. Acceptor state population n2 after the completion of the pulse action as a function of U00 (m) for two-photon resonance (N = 2) and detuning
(2x  x 21)/xst = 0.5. 1 and 2 are solutions for chirped pulses and for transform-limited pulses of the same durations, respectively. (a) Total model
for correlation time ss = 300 fs, (b) relaxation-free model, (c) ‘‘incoherent’’ solution of integral equation (36) for ss = 300 fs.

by the solution of integral equation (36) of Section 3.3.1,
which are in a good agreement with complete solution
(1a,2a).
6.4. Comparison of the total and approximate models
Figs. 4 and 5 show a good agreement between calculation results for the ‘‘partial relaxation’’ (Eqs. (20) and
(25)) and the total (Eqs. (19) and (20)) models. It is a
good point since in the contrast to the last model, the
‘‘partial relaxation’’ model does not involve the assumption that the momentum is instantly equilibrated (see
Appendix A).
Another good point is a close agreement between
the total model and the integral equation solution
for the population transfer under two-photon resonance conditions (Fig. 7). The point is that integral
equation (36) of Section 3.3.1 corresponds to the
point-transition model (see Eq. (32)), for which the
standard adiabatic elimination of the momentum is
correct [52,61].

7. Conclusion
In this work we have studied an ultrashort chirped
pulse regime of controlling a long range electron
transfer. We considered a two state electronic donor/
acceptor system, possessing a large diﬀerence of permanent dipole moments between donor and acceptor
states 1 and 2, with relaxation treated as a diﬀusion
on electronic potential energy surfaces. This relaxation
model has enabled us to trace continuously the transition from a coherent population transfer to incoherent
one. Using an interaction picture, we have derived the
equations for the density matrix of the system being
discussed under the action of intense chirped pulses.

We have introduced an eﬀective operator R(k) for
the interaction between donor and acceptor states,
which describes both the radiationless and radiation
transitions 1 ! 2, and the interference between them
as well. In addition, we have introduced the generalized Rabi frequency XN(t) under the N-photon resonant condition. It has enabled us to extend the
concepts and ideas of population transfer, developed
for optical transitions, to the ET (radiationless process) controlled with strong electromagnetic ﬁeld. We
have shown that it is possible to realize the ‘‘radiationless’’ analogies to p-pulse excitation, ARP and
intrapuse pump–dump process. However, realizing
the ‘‘radiationless’’ ARP, for example, is more diﬃcult
than that of usual optical ARP, and requires that the
correlation time ss of the solvent be longer than a few
picoseconds. It can be achieved by decreasing the temperature of the solvent, and even its freezing. Estimations carried out in Sections 4.2 and 4.3, enable us to
choose experimental condition for realizing ‘‘radiationless’’ ARP and pump–dump process, respectively.
A number of approaches were invoked to model a
purely coherent (the relaxation-free model) or incoherent (balance equations and the integral equation of
Section 3.3) transfer. A comparison between the total
model behavior and those of the approaches to it has
shown that the type of population transfer (coherent
or incoherent) strongly depends on the pulse chirp
and the relaxation time. We have obtained a physically clear picture of the analogy to ARP for the
chirped controlled long-range ET by studying the vibrationally non-equilibrium populations behavior and
careful examination of all the conditions needed for
ARP.
We have studied the population transfer for two-photon resonance conditions as well.
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Appendix A. Derivation of ‘‘partial relaxation’’ model
without adiabatic elimination of the momentum
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~W 12 ðq; p; tÞ due to the last term on the right-hand side
of q
of Eq. (A2). Neglecting this term, integrating both side of
Eq. (A2) over momentum, and bearing in mind that
Z 1
~ij ðq; tÞ ¼
~Wij ðq; p; tÞ dp
q
ðA4Þ
q
1

~ 2 =h [65], we obtain Eq. (25). As a matter
and a ¼ qd x
of fact, a derivation of Eq. (25) does not involve
the assumption that the momentum is instantly
equilibrated.
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