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Combined influence of random and regular external fields on long-range electron transfer
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The dissipative dynamics of a two-level system~TLS! is studied for the case of the simultaneous modulation
of the energy bias by a regular external field and by nonequilibrium dichotomic fluctuations. To describe the
noise-averaged dynamics driven by the external periodic field, a set of coupled generalized master equations is
derived. Quantum fluctuations of the thermal bath are taken into account within the noninteracting blip ap-
proximation, whereas the dichotomic fluctuations and the external field are treated in an exact manner. The
case of nonadiabatic continuous-wave~cw! driving is considered in detail for an asymmetric TLS strongly
coupled to the thermal bath. The general approach is applied to long-range electron transfer in proteins.
According to the presence of dynamic disorder, the coarse-grained electron transfer dynamics becomes non-
exponential. The gated regime and the inversion effect of the transfer in the strongly biased TLS with a
dichotomic fluctuating energy bias are demonstrated. Additionally, it is shown that a strong cw field can switch
the electron transfer dynamics between the gated~nonexponential! regime and the nonadiabatic~single-
exponential! regime.@S1063-651X~97!13007-0#

PACS number~s!: 02.50.Ey, 02.50.Wp, 05.20.Dd, 05.60.1w
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I. INTRODUCTION

Cooperative effects stemming from the combined act
of periodic or random external forces on dissipative quant
dynamics are the subject of increasing interest in differ
fields of physics@1–15#. The principal attention was paid t
the driven spin-boson model or, in other terms, to the driv
dissipative two-level system~TLS!. Besides its fundamenta
importance@16–18#, this model has a number of application
ranging from tunneling of defects in solids and magnetic fl
dynamics in superconducting quantum interference dev
at low temperatures@1,2,5,6,15–17# to electron transfer~ET!
reactions in solvents@7# and proteins@19,10–12#. Both, the
averaged transient dynamics as well as the steady-state
havior of the driven spin-boson model gained essential in
est. It was shown, for example, that one can strongly s
press or enhance the ET rates by means of strong per
fields @6,7,12#. The suppression@4,6# or, vice versa, the in-
duction@20# of coherence effects in the dissipative tunneli
dynamics could be also demonstrated. Furthermore, the
havior of the time-averaged steady state can essentially
viate from the time-independent case. It was shown that
application of a regular external field can change the ratio
the steady-state level occupations in a TLS by many ord
of magnitude@2,7,12#. Moreover, this ratio can even be in
verted. In an application to long-range ET in proteins, t
means that one can externally invert the transfer direct
Besides these examples, the interest in full~nonaveraged!
response of a damped quantum system to a periodic exte
perturbation originated in the field of the quantum stocha
resonance~see, e.g., Ref.@20# and references therein!.

Combining the action of periodic and random extern
fields on dissipative quantum dynamics, one obtains a n
ber of interesting effects@21#. In particular, such effects ar
561063-651X/97/56~2!/1421~8!/$10.00
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of interest in the context of electron and energy transduc
processes in biology, where random fields can be create
nonequilibrium degrees of freedom of the complex mole
lar structure~see, e.g., Ref.@22# for general discussions!.
Such random fields should rather be considered dynamic~or
energy-driven! noises than thermal ones@13,23#. Nonequilib-
rium effects produced by such noises~directional diffusion
of a Brownian particle in ratchets, noise-driven molecu
motors, etc.! are currently under discussion in the field
classical physics~see, e.g., Ref.@24# and further references
therein!. However, they can also begin to be explored
quantum systems, for which one example will be given b
low.

The additional inclusion of a periodic external field pr
vides a further possibility to regulate the transfer process
complex molecular systems. It is the aim of the present pa
to study such a possibility for the driven spin-boson mo
with dichotomically and periodically modulated energy bia
We apply this model to the long-range ET in a protein whi
fluctuates between two conformations. Such a transfer b
cally involves two ~donor and acceptor! electronic states
u1& and u2&, separated by a large distancer .10 Å. At such
distances the direct overlap of donor and acceptor electr
wave functions is negligible, and the transfer must also oc
with the participation of intermediate electronic states.
these states lie high in energy, they are not practically po
lated during the transfer process, and their role reduce
providing effective electronic coupling between the don
and the acceptor. A similar transfer mechanism is usu
referred to as superexchange@25,26#. In such a case, the
long-range ET can be described within the effective dissi
tive two-level model or within the equivalent spin-boso
model @19#. Furthermore, suppose that the transfer of
electron from donor to acceptor,DA→D1A2, creates the
1421 © 1997 The American Physical Society
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1422 56I. A. GOYCHUK, E. G. PETROV, AND V. MAY
ion pair D1A2 and the associated dipole momentd5er
@26#. Then the external electric fieldE(t) can produce an
additional time-dependent biasD«(t)5dE(t) between the
donor and acceptor energy levels. Since the amplitude of
bias is directly proportional to the transfer distance, the lo
range ET is the preferable type of ET to realize the theo
ical predictions of Refs.@7,12# on the possible field effects
Note, however, that the parameters of the effective two-le
model can undergo additional fluctuations according to
protein jumplike conformational dynamics. Accordingly, e
ther the effective electronic coupling or the energy bias
be randomly modulated@27#. Recently the first possibility
was studied in Ref.@21#. In the present work we procee
with its alternative.

The paper is organized as follows. In Sec. II we brie
consider the extension of the familiar spin-boson mode
the case where the energy bias undergoes random jump
tween two values and is additionally modulated by an ex
nal force. Then, a set of noise-averaged generalized ma
equations obtained in the noninteracting blip approximat
~NIBA ! will be presented. The case of nonadiabatic cw dr
ing is treated in Sec. III within the Markov approximation.
Sec. IV the general model is specified to the problem
long-range ET in proteins. The obtained results and conc
ing remarks form Sec. V.

II. DRIVEN SPIN-BOSON MODEL
WITH ENERGETIC DISORDER

We start with the well-known spin-boson model@16,17#,
including a time-dependent energy bias in the followi
Hamiltonian:

H~ t !5 1
2 «~ t !ŝz1Vŝx1 1

2 ŝz(
l

kl~bl
†1bl!

1(
l

\vlbl
†bl . ~1!

Here, ŝz5u1&^1u2u2&^2u and ŝx5u1&^2u1u2&^1u are the
pseudospin operators defined by two localized statesu1& and
u2&. These states are coupled by the tunneling matrix elem
V. The energy difference of the localized states~or the
energy bias! «(t)5E1(t)2E2(t) is taken as an explicitly
time-dependent quantity. The thermal bath is suppo
to be harmonic, withbl and bl

† as the bath quanta
annihilation and creation operators, respectively. Its stoch
tic influence is represented by a time-depend
operator F̂(t)5\21(lkl(bl

†eivlt1ble2 ivlt), with

the nonvanishing second momentK(t)5^F̂(t)F̂(0)&T

5*0
`J(v)@coth(\v/2kBT)cos(vt)2i sin(vt)]dv @16,17#.

Here J(v)5\22(lkl
2d(v2vl) is the bath spectral func

tion, and the bracketŝ &T5TrB(rB . . . ) denote the therma
average over the bath with the equilibrium density mat
rB and the temperatureT.

The driven spin-boson model Eq.~1! has been the subjec
of a number of recent studies@1–3,5–7,10–12,21#. In these
studies the corresponding NIBA master equation was der
to describe the time evolution of the population differen
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sz(t)5TrS1B„r(t)ŝz…, wherer(t) is the density matrix of
the full system. We denote this NIBA master equation
@3,5,6,11#

ṡz~ t !52E
0

t

f ~ t,t8!sz~ t8!dt82E
0

t

g~ t,t8!dt8, ~2!

where we had shortened

f ~ t,t8!5 f 0~ t2t8!cosS 1

\Et8

t

«~t!dt D ,

g~ t,t8!5g0~ t2t8!sinS 1

\Et8

t

«~t!dt D ,

~3!

f 0~ t !5
4V2

\2 exp@2Gs~ t !#cos@Ga~ t !#,

g0~ t !5
4V2

\2 exp@2Gs~ t !#sin@Ga~ t !#.

The bath influence function in Eq. ~3!, G(t)
5Gs(t)1 iGa(t), corresponds to that introduced by Legge
et al. @16#. Carrying out a double time-integration of the se
ond momentK(t), and taking notice of the expression for th
bath reorganization energy,Er5\*0

`@J(v)/v#dv, one ob-
tainsG(t)5*0

t dt1*0
t1K(t2)dt21 i (Er /\)t @11#.

Equation~2! is our starting point for the subsequent co
sideration. Until this point the time dependence of«(t) was
not specified, and could be quite arbitrary. Let us conside
model in which«(t) undergoes random jumps between tw
different values. These two values should have equal pr
abilities to appear, and the jump process should be a dich
mic Markov process~DMP! @28#. Additionally, we suppose
that the energy bias can be driven by a regular tim
dependent external force, i.e., we assume

«~ t !5\Da~ t !1 «̃ ~ t !, ~4!

where\D is the amplitude of the jumps,a(t) specifies the
DMP, and «̃ (t) is a still arbitrary time-dependent part o
«(t) which does not correlatewith the dichotomic jump pro-
cesses. The mean energy bias«0 is included in the definition
of «̃ (t). According to the chosen model we hav
a(t)561 with a zero mean,̂a(t)&50, and, with an expo-
nentially decaying autocorrelation function̂a(t)a(t8)&
5exp@2nut2t8u# @28#.

Now, Eq. ~2! appears as a stochastic integrodifferent
equation which has to be averaged with respect to the p
sible realizations ofa(t). First, one has to decouple th
noise averagê f (t,t8)sz(t8)&, which can be done using
the results of Bourret, Frisch, and Pouquet@29#. In
accord with Refs. @11,30#, we have ^ f (t,t8)sz(t8)&
5^ f (t,t8)&^sz(t8)&1^ f (t,t8)a(t8)&^a(t8)sz(t8)& indepen-

dentlyof an additional time dependence of«̃ (t). Then it is
necessary to obtain an additional equation for the correl
^a(t8)sz(t8)&. Here the theorem of Shapiro and Logino
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@31# can be used. Following, furthermore, in line with th
derivation of Ref.@11#, we obtain the noise-averaged NIB
master equations

d

dt
^sz~ t !&52E

0

t

$F0~ t,t8!^sz~ t8!&2F1~ t,t8!^a~ t8!sz~ t8!&

1G0~ t,t8!%dt8,

d

dt
^a~ t !sz~ t !&52n^a~ t !sz~ t !&2E

0

t

$F2~ t,t8!

3^a~ t8!sz~ t8!&2F1~ t,t8!^sz~ t8!&
~5!

1G1~ t,t8!%dt8.

The various kernels read

F0,2~ t,t8!5S0,2~ t2t8! f 0~ t2t8!cosS 1

\Et8

t

«̃ ~t!dt D ,

F1~ t,t8!5uS1~ t2t8!u f 0~ t2t8!sinS 1

\Et8

t

«̃ ~t!dt D ,

~6!

G0~ t,t8!5S0~ t2t8!g0~ t2t8!sinS 1

\Et8

t

«̃ ~t!dt D ,

G1~ t,t8!5uS1~ t2t8!ug0~ t2t8!cosS 1

\Et8

t

«̃ ~t!dt D ,

whereSk(t)5( i /D)k(dk/dtk)S(t), and

S~t!5^eiD*
t8
t

a~ t8!dt8&5e2~n/2!t$cosh~tAn2/42D2!

1n/An224D2sinh~tAn2/42D2!%

is the noise-averaged propagator@11# of the celebrated Kubo
oscillator@28,32#. Since the present set of equations includ
an additional regular time dependence of the bias, it ge
alizes our earlier derivations of Ref.@11#.

III. AVERAGED DYNAMICS AND NONADIABATIC
cw DRIVING: MARKOV APPROXIMATION

Now let us specify the type of external driving consider
in the remainder of this paper. We restrict ourselves to
simplest case of sinusoidal driving and put«̃ (t)
5\v01\A cos(Vt), where \v0 is the constant bias, an
\A and V are the amplitude and the frequency of period
driving, respectively. Moreover, we will consider the tim
averaged dynamics for the important case of nonadiab
driving whenV@n,G. HereG stands for an effective tran
sient rate which will be defined below. Following the reaso
ing of Refs. @2# or @12#, one can show that the average
dynamics obeys the averaged equations which are simila
Eqs. ~5!, but formulated with the kernels which have be
averaged with respect to the oscillations period accordin
the rule f (t1t,t)5(V/2p)*0

2p/Vdt f(t1t,t). This averag-
ing can be easily carried out by noting the well-known re
tion exp(izvt)5(p52`

` Jp(z)exp(ipvt). Here Jp(z) is the
s
r-

e

tic

-

to

to

-

Bessel function of the first kind, and we have to identify
the present casez5A/V.

Let us perform such an averaging procedure, and, af
ward, consider a situation where the decay timetd defined
by the functionGs(t) is very small in comparison to the
relaxation timeG21, i.e.,Gtd!1. Then one can perform th
Markov approximation with respect to theaveragedequa-
tions ~and not before!, and the following set of equations o
motion describing the averaged incoherent dynamics is
tained:

d

dt
^sz~ t !&52k0^sz~ t !&1k1^a~ t !sz~ t !&2c0 ,

~7!

d

dt
^a~ t !sz~ t !&5k1^sz~ t !&2~n1k2!^a~ t !sz~ t !&2c1 .

The coefficientsk0 , k1, andk2, are given by

ki5 (
p52`

`

Jp
2~z!kip , ~8!

and in a similar manner we expressc0 andc1. The expansion
coefficients correspond to a similar problem without the p
riodic driving, and to the shifted mean energy g
«̃ 5\vp5\(v01pV). They read as

k0,2p5
4V2

\2 E
0

`

e2Gs~t!2~n/2!tH cosh~tAn2/42D2!

6
n

An224D2
sinh~tAn2/42D2!J

3cos@Ga~t!#cos~vpt!dt,

k1p5
4V2

\2

2D

An224D2E0

`

e2Gs~t!2~n/2!t

3sinh~tAn2/42D2!cos@Ga~t!#sin~vpt!dt,
~9!

c0p5
4V2

\2 E
0

`

e2Gs~t!2~n/2!tH cosh~tAn2/42D2!

1
n

An224D2
sinh~tAn2/42D2!J

3sin@Ga~t!#sin~vpt!dt,

c1p5
4V2

\2

2D

An224D2E0

`

e2Gs~t!2~n/2!t

3sinh~tAn2/42D2!sin@Ga~t!#cos~vpt!dt.

These expressions are valid in the casenÞ2D. To obtain the
coefficients in the casen52D, one has to perform the limi
n→2D which is easily achieved.

Equation~7! describes the two-exponential transient d
namics which approaches the steady state
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sz
s52

c1k11c0~n1k2!

~n1k2!k02k1
2 ~10!

of ^sz(t)& with the rates l1,25
1
2$n1k01k2

6A(n1k22k0)214k1
2%. The smaller rate can be consider

as the long-time rate constantG`5l2. Alternatively, this
transient dynamics can be described by the effective trans
rateG defined asG51/̂ t&, where

^t&5

E
0

`

@^sz~ t !&2sz
s#dt

sz~0!2sz
s ~11!

is the mean relaxation time~MRT! @33#. Then, in accordance
with Eqs.~7! and ~11! we get

G5k02
k1

2

n1k2
. ~12!

Furthermore, to have a measure for the deviation of the
eraged transient dynamics from the exponential behavior
introduce the quantityx52(G2G`)/G, which varies be-
tweenx50 ~for the pure exponential relaxation! and x51
~for strong deviations from the single-exponential behavio!.

In the absence of any random or periodic driving it fo
lows sz

s52tanh(«0/2kBT) @16#. Therefore, the ratio of the
steady-state level populations,p1

s5(11sz
s)/2 and p2

s

5(12sz
s)/2, corresponds to the Boltzmann equilibrium d

tribution, i.e.,p1
s/p2

s5exp(2«0 /kBT). Strong external driving
leads to the deviation from the equilibrium distributio
which can be accounted for by the effective energy bias
troduced as«eff5kBTln(p2

s/p1
s). Similar effects have been a

ready discussed for the cases of random and periodic dri
apart@2,7,10–12#, and for the combined action of a dichoto
mic fluctuating intersite coupling and a periodically fluctua
ing energy bias@21#.

Next let us discuss some general properties of the a
aged dynamics stemming from Eqs.~7!, ~8!, and~9!. In the
case of degenerated TLS’s, i.e.,«050, we havek150. Thus
the dynamics is single exponential with the transfer r
G5k0 independent on the amplitudeD and the frequency
n of the energy bias fluctuations, as well as independen
the amplitudeA and frequencyV of the periodic driving.
This result is similar to the case of a minor periodic drivi
@11#. Furthermore, in the case of a small Kubo numb
K5D/n!1 @28#, we havek1!k0 ,k2. Hence it follows that
G'G`'k0, and single-exponential averaged dynamics
also obtained in this case.

The extreme case of large Kubo numbers,K@1, is of
more interest. Now, if fluctuations are very slow with resp
to the decay timetd , i.e., ntd!1, we have

k0p'k2p' 1
2 ~kp

11kp
2!, k1p' 1

2 ~kp
22kp

1!,
~13!

c0p' 1
2 ~cp

11cp
2!, c1p' 1

2 ~cp
12cp

2!

as a first-order approximation. Here the quantities

kp
65

4V2

\2 E
0

`

e2Gs~t!cos@Ga~t!#cos@~vp6D!t#dt,

~14!
nt

v-
e

-

ng

r-

e

n

,

s

t

cp
65

4V2

\2 E
0

`

e2Gs~t!sin@Ga~t!#sin@~vp6D!t#dt

correspond to a situation with static dichotomic disorder, i
«(t)5«06\D1\A cos(Vt).

Note that one can obtain Eq.~7! with the coefficients
specified by Eqs.~8!, ~13!, and~14! directly from Eq.~2! in
three steps. First, one has to introduce the Markov appr
mation directly in Eq.~2!. Then it is necessary to perform th
averaging over fast nonadiabatic oscillations of the ene
bias in the resulting differential equation, and to assume
adiabatic dependence of the coefficients on the dichotom
fluctuations. After this, one has to average the resulting
chastic differential equation over thedichotomically fluctu-
ating coefficients. Such an approximation disregards the i
terference of the quantum fluctuations of the heat bath an
the random external driving. Mathematically this is e
pressed by the absence of the termnt/2 in the exponent of
expressions~14!, which can badly modify the dependence
kip on vp at largevp @11,21#. Nevertheless, this approxima
tion is very useful for the qualitative analysis.

Such an analysis of the rate expression~12! for fluctua-
tions with a large Kubo number shows thatG'n, if the
inequality

2k1k2

k11k2 !n! 1
2 ~k11k2! ~15!

is fulfilled, wherek65(p52`
` Jp

2(z)kp
6 . It is easy to guaran-

tee this condition whenk1 and k2 differ largely from one
another, i.e.,k2@k1. Then inequality~15! simplifies to
2k1!n!k2/2, and the effective transient rate is defined e
clusively by the rate of dichotomic jumps, or, in other word
is gated by these jumps. A similar regime was also revea
for the model of dichotomically interrupted intersite couplin
@10#. It is worth mentioning that the discussed strong
equality can be either destroyed or improved by the perio
field which can essentially modify the ratesk6. This offers a
way to switch the averaged transient dynamics between
ferent regimes.

IV. PERIODICALLY DRIVEN LONG-RANGE
ELECTRON TRANSFER WITH DYNAMIC DISORDER

To illustrate the approach, we consider a long-range ET
proteins. We identify the energy«0 of the spin-boson mode
with the free-energy gapEg . \D corresponds to the ampli
tude of fluctuations of the free-energy gap betwe
Eg

15Eg1\D and Eg
25Eg2\D. These nonequilibrium

fluctuations are supposed to result from jumps of the mac
molecule between two conformations with equal probabili
Such jump processes could be inherent to complex elec
transferring molecular structures~see an example in Ref
@34#!. In addition, they can be stimulated, e.g., by the
chotomic fluctuations of the transmembrane poten
Dw(t) via the mechanism of electroconformational couplin
This could happen, for example, if the considered protein
located in a biological membrane, and realizes ET from o
side of membrane to the other@22#. Such fluctuations of the
electric potential can be also directly coupled to the dip
momentdW 5erW. Clearly, dichotomic fluctuations of the en
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ergy bias can also be induced by an externally applied
dom electric field. In any case, these fluctuations have
occur in anautonomousregime to justify the appliedexter-
nal noise model. Additionally, the regular electric fie

EW(t)5EW0cos(Vt), which should be applied parallel to the d

pole momentdW , results in the free-energy gap oscillatio

with the amplitude \A5udW u•uEW0u. Note that a time-
independent external electric field can be introduced in
definition of Eg as an additional energy shift.

To derive the ET rate it is supposed that the elect
couples to a dense set of the low-frequency protein vib
tions with upper cutoff frequencyvD . ~In proteins,vD is
typically about 30 cm21 @25#!. If room-temperature condi
tionskBT@\vD are provided, one can consider the influen
of the protein vibrations on the ET in the quasiclassical
proximation, and approximate coth(\v/2kBT)'2kBT/\v in
the expression forK(t). Then the mean-square amplitude
the energy gap fluctuations caused by vibrations
\DT5\AK(0)'A2ErkBT independentlyof any concrete
model ofJ(v). HereEr is the reorganization energy of low
frequency vibrations which can be treated now as a phen
enological parameter. Furthermore, we assume that the
ganization energy is large enough to ensure the str
inequalityA2ErkBT@\vD . Then one can use the short-tim
approximation of the bath influence functionG(t), i.e.,
G(t)'kBTErt

2/\21 iEr t/\ @19#. Substituting this expres
sion into Eq.~9!, one can express the related integrals via
error function of a complex variable similar to that done
Refs. @11,21#. Then Eqs.~8!, ~10!, and ~12! can easily be
calculated numerically.

To demonstrate the possible effects of the combined
tion of the dichotomic and periodic driving, we perfor
these numerical calculations for the following set of para
eters, Eg50.45 eV, Er50.15 eV, V5531024 eV, and
T5300 K. This chosen set of parameters is typical for
ET in some types of metalloproteins@35#. The quantities
D, n, V, andz5dE0 /\V have been varied independent
from one to another. Figures 1 and 2 show the ET rate
dependence on the amplitude of the regular field with f
quency\V51 eV, and in dependence on the amplitude
the dichotomic fluctuations at two different frequencies.

Let us start the discussion with an analysis of the infl
ence of dichotomic fluctuations in the absence of the perio
field (z50). A comparison between Figs. 1~a! and 2~a!
shows that the dependence of the effective transfer rate
the amplitude of the fluctuations is quite different for t
case of fast fluctuations withn51012 s21, and for the case
with n5106 s21. In the first case, the rate increases exp
nentially with D, and has two maxima which approximate
correspond to the maxima of the forward and backward ra
On the whole, the transfer process is single exponential w
a small parameterx,1023. ~The dependence ofx on z and
D is not shown in this case, since it is of less interest.! In the
second case of the transfer is mainly nonexponential~see
Fig. 3 for the behavior ofx). Additionally, the dependenc
of G on D is quite different.G decreases and reaches
\D.0.1 eV the constant valueG;106 s21, which indi-
cates that the transfer proceeds in the gated regime. For
as well as slow fluctuations, the variation of the effecti
energy gap«eff with D demonstrates that externally applie
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noise may invert the transfer direction. We would like
stress this very important result, which indicates that the
rection of the ET can proceed again the averaged energy
due to strongly correlated fluctuations. The explanation
this unusual behavior, however, is quite simple if one acce
the adiabatic approximation introduced by Eqs.~13! and
~14!.

In the considered case this approximation results in
rate expression

k65
2p

\

V2

A4pErkBT
$e2~Eg

6
2Er !2/4ErkBT

1e2~Eg
6

1Er !2/4ErkBT%, ~16!

which is the sum of the forward and backward rates w
known in the Marcus theory of ET reactions in condens
media@36#. Without periodic driving, this approximation i
quite applicable for the discussed range of parameters

FIG. 1. Effective transfer ratesG ~curvea) and effective energy
gap «eff ~curve b) vs the noise amplitudeD and the coupling
strengthz for a jump frequencyn51012 s21. Other parameters are
given in the text.
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states that the nonadiabatic ET rate followsadiabaticallythe
actual position of the free-energy gapEg(t) which jumps
between two valuesEg

1.0 andEg
2,0. The positive energy

value corresponds to the direct transfer, and the negative
is related to the inverted transfer. The probabilities of
conformational states corresponding toEg

1.0 and Eg
2,0

are identical. But thenonmonotonicdependence ofk0
6 on

Eg
6 , Eq. ~16!, leads to the result that the rate of the invert

transferk0
2 is larger than the ratek0

1 of the direct transfer.
For this reason, the averaged transfer takes place in th
verted direction despite the fact that the averaged energy
is positive. Using this effect, one would be able to constr
a molecular device~at least in principle! which could extract
useful work from strongly correlatednonequilibriumfluctua-
tions. A number of similar results have been recently
ported in the field of classical physics@24#. In relation to this
conclusion we have to stress here how dangerous it coul
to model an environment staying in thermalequilibriumby a
strongly correlatedexternalnoise@23#.

Furthermore, in comparison of parts~a! and~b! of Fig. 2,

FIG. 2. Effective transfer ratesG ~curvea) and effective energy
gap «eff ~curve b) vs the noise amplitudeD and the coupling
strengthz for a jump frequencyn5106 s21. Other parameters ar
given in the text.
ne
e

in-
ap
t

-

be

we may conclude that such a gated regime exists in wh
the transfer direction can be inverted, although the tran
rate itself is not affected. Figures 4~a! and 4~b! demonstrate
the dependence of the effective rate and the effective en
gap on the frequency of the fluctuations at fixed amplitu
\D50.15 eV. Here the free-energy gap jumps betwe
Eg

150.6 eV andEg
250.3 eV. It can be also deduced from

Fig. 4~a! that the ET changes from the nonadiabatic type
transfer at n,104 s21 to the gated transfer a
104 s21,n,109 s21, and then again back to the nonadi
batic type what is in accordance with the criterion of E
~15!.

To discuss the influence of the periodic driving, we n
glect the dichotomic fluctuations (D50) in a first step. Un-
der such circumstance the periodic field can suppress the
@Figs. 1 and 2~a!#, it can enhance it~not shown!, but it can
also invert the direction of the transfer@Figs. 1 and 2~a!#.
This behavior has been already discussed in Refs.@7,12#, and
we will concentrate in the following on the additional effec
introduced by a dynamically disordered free-energy gap. T
most interesting ET regime might be the periodic fie
induced crossover from the gated to the nonadiabatic
@Figs. 2~a! and 4~a!#. If this crossover appears, the ET cou
change from nonexponential to single-exponential beha
~Fig. 3!. An additional effect of interest occurs at modera
amplitudes of the fluctuation, i.e., at 0.15 eV,\D
,0.5 eV, and at large frequencies~Fig. 1!. One can con-
clude from Fig. 1 that a regime is possible in which t
transfer is nonadiabatic, and its rate is only slightly affec
by periodic field, but the direction of transfer can be i
verted. Such a behavior may appear if the transfer is alm
activationless due to the combined action of the quant
dissipation and the dichotomic fluctuations. To realize su
an effect the field strengthE0 has to be of the order o
106–107 V/cm at a transfer distance ofr .10 Å @7,12#.

FIG. 3. x vs the noise amplitudeD and the coupling strength
z for a jump frequencyn5106 s21. Other parameters are given i
the text.



fe
e

t

p
e
vi
n

de

as
th-

n for

ic
ns

rgy
ca-
s.
onic
his
iv-
i-

ce
a

the
he

a

he
in,
ns
cy
ac-

gh-
er-
ias
is
uld
not

on

c-
. In
ion,
be

e-
rate

e of
ec-
this

s

56 1427COMBINED INFLUENCE OF RANDOM AND REGULAR . . .
Note also that, in the absence of the periodic field, the ef
of transfer inversion by dichotomic fluctuations becom
stronger at low jump frequencies@Figs. 1~b! and 2~b!#. At
low jump frequencies, however, the periodic field tends
smear out this effect completely@Figs. 2~b! and 4~b!#.

V. CONCLUSIONS

In the present paper, a generalization of the standard s
boson model which results from the inclusion of a tim
dependent energy bias has been studied. It has been pro
that this time dependence originates from two differe
sources. One was assumed to be a random process mo

FIG. 4. Effective transfer ratesG ~curvea) and effective energy
gap «eff ~curve b) vs the noise frequencyn and the coupling
strengthz for a noise amplitude\D50.15 eV. Other parameter
are given in the text.
ct
s

o

in-
-
ded
t
led

as a dichotomic Markov process. The other source w
treated as statistically independent, but quite arbitrary in o
ers aspects. Starting from the generalized master equatio
the driven spin-boson model, Eq.~2!, which was obtained
earlier in NIBA @3,5,6,11# we initially arrived at the exact
averaging of this equation with respect to the dichotom
fluctuations. The resulting set of integrodifferential equatio
~5! generalizes our previous result@see Eq.~27! in Ref. @11##
to the case of an additional time dependence of the ene
bias. They can be used in a number of forthcoming appli
tions, including either regular or stochastic driving field
Here the approach was applied to the case of single harm
external field. The averaged transient dynamics for t
model was considered in the limit of a fast nonadiabatic dr
ing and in the Markov approximation. Within this approx
mation an expression for the effective transient rate~12!
could be obtained with coefficients given by expansion~8!
and Eq.~9!. This expression allows us to trace the influen
of the dichotomic and periodic driving. For the case of
strongly asymmetric TLS, one can predict the gating of
transfer achieved by dichotomic noise. Additionally, t
switching between different transfer regimes by applying
strong periodic field could be proposed.

To illustrate the main ideas of this work, we choose t
model of the periodically driven long-range ET in a prote
which additionally undergoes nonequilibrium fluctuatio
between two conformations. The influence of low-frequen
protein vibrations on the transfer process was taken into
count in the quasiclassical approximation and in the hi
temperature limit. It was possible to demonstrate the inv
sion of the transfer direction against the mean energy b
merely by dichotomic fluctuations when the periodic field
absent. It is interesting to note that such an inversion co
happen despite the fact that the effective transfer rate is
affected~gated regime!.

This noise-induced inversion of the transfer directi
bears some resemblance to similar effects ofnonequilibrium
noises found recently for classical diffusional systems@24#.
In the related domain, the possibility of noise-induced dire
tional diffusion in unbiased systems has been discovered
our case, however, we have a somewhat different situat
when the already existing energetic bias can effectively
inverted by correlated fluctuations.

Furthermore, it was shown that the periodic field can d
stroy the gated regime, and can essentially enhance the
of transfer. Its influence depends on the rate and amplitud
the fluctuations. For example, it can invert the transfer dir
tion in the case of fast fluctuations, but does not cause
effect at slow ones.
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