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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 systéfLS) 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-walgev) 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 gdtmshexponential regime and the nonadiabatisingle-
exponentigl regime.[S1063-651X%97)13007-7

PACS numbses): 02.50.Ey, 02.50.Wp, 05.20.Dd, 05.6Qv

I. INTRODUCTION of interest in the context of electron and energy transduction
processes in biology, where random fields can be created by
Cooperative effects stemming from the combined actiomonequilibrium degrees of freedom of the complex molecu-
of periodic or random external forces on dissipative quantuniar structure(see, e.g., Ref[22] for general discussions
dynamics are the subject of increasing interest in differenSuch random fields should rather be considered dynéwonic
fields of physicd1-15]. The principal attention was paid to energy-drivehnoises than thermal ongs3,23. Nonequilib-
the driven spin-boson model or, in other terms, to the driverrium effects produced by such noisédirectional diffusion
dissipative two-level systeqLS). Besides its fundamental of a Brownian particle in ratchets, noise-driven molecular
importancg 16—18, this model has a number of applications motors, etg. are currently under discussion in the field of
ranging from tunneling of defects in solids and magnetic fluxclassical physicgsee, e.g., Refl24] and further references
dynamics in superconducting quantum interference devicetherein. However, they can also begin to be explored for
at low temperaturefl,2,5,6,15—1Fto electron transfefET) guantum systems, for which one example will be given be-
reactions in solventf7] and proteingd19,10-12. Both, the  low.
averaged transient dynamics as well as the steady-state be- The additional inclusion of a periodic external field pro-
havior of the driven spin-boson model gained essential intervides a further possibility to regulate the transfer process in
est. It was shown, for example, that one can strongly supeomplex molecular systems. It is the aim of the present paper
press or enhance the ET rates by means of strong periodio study such a possibility for the driven spin-boson model
fields[6,7,12. The suppressiof4,6] or, vice versa, the in- with dichotomically and periodically modulated energy bias.
duction[20] of coherence effects in the dissipative tunnelingWe apply this model to the long-range ET in a protein which
dynamics could be also demonstrated. Furthermore, the béluctuates between two conformations. Such a transfer basi-
havior of the time-averaged steady state can essentially deally involves two (donor and acceptprelectronic states
viate from the time-independent case. It was shown that thgl) and|2), separated by a large distance 10 A. At such
application of a regular external field can change the ratio oflistances the direct overlap of donor and acceptor electronic
the steady-state level occupations in a TLS by many ordergrave functions is negligible, and the transfer must also occur
of magnitude[2,7,12. Moreover, this ratio can even be in- with the participation of intermediate electronic states. If
verted. In an application to long-range ET in proteins, thisthese states lie high in energy, they are not practically popu-
means that one can externally invert the transfer directionated during the transfer process, and their role reduces to
Besides these examples, the interest in fatbnaveraged providing effective electronic coupling between the donor
response of a damped quantum system to a periodic externahd the acceptor. A similar transfer mechanism is usually
perturbation originated in the field of the quantum stochasticeferred to as superexchang®5,2€. In such a case, the
resonancédsee, e.g., Ref20] and references thergin long-range ET can be described within the effective dissipa-
Combining the action of periodic and random externaltive two-level model or within the equivalent spin-boson
fields on dissipative quantum dynamics, one obtains a nunmodel [19]. Furthermore, suppose that the transfer of an
ber of interesting effectf21]. In particular, such effects are electron from donor to acceptoDA—D ™A™, creates the
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ion pair D"A™ and the associated dipole momehter o,(t) =Trss s(p(t) o), Wherep(t) is the density matrix of

[26]. Then the external electric fielfi(t) can produce an e fy|l system. We denote this NIBA master equation as
additional time-dependent biass(t)=d&(t) between the [3,5,6,11

donor and acceptor energy levels. Since the amplitude of this
bias is directly proportional to the transfer distance, the long- ) t t
range ET is the preferable type of ET to realize the theoret- o,(t)= —J f(t,t’)az(t’)dt’—f g(t,t")dt’, 2
ical predictions of Refs[7,12] on the possible field effects. 0 0
Note, however, that the parameters of the effective two-level
model can undergo additional fluctuations according to thevhere we had shortened
protein jumplike conformational dynamics. Accordingly, ei-
ther the effective electronic coupling or the energy bias can fet) =1 (t—t’)cos(lft 8(7‘)d7‘)
be randomly modulate@@7]. Recently the first possibility ' 0 hly '
was studied in Ref[21]. In the present work we proceed
with its alternative. 1 (t

The paper is organized as follows. In Sec. Il we briefly g(t,t’):go(t—t’)sin(—f 8(7)d7->,
consider the extension of the familiar spin-boson model to fily
the case where the energy bias undergoes random jumps be-

)

tween two values and is additionally modulated by an exter- v?

nal force. Then, a set of noise-averaged generalized master fo(t)= ?exq—Gs(t)]COiGa(t)],
equations obtained in the noninteracting blip approximation

(NIBA) will be presented. The case of nonadiabatic cw driv- PVz

ing is treated in Sec. Il within the Markov approximation. In go(t)= ?exﬁ—es(t)]Sir[Ga(t)]-

Sec. IV the general model is specified to the problem of

long-range ET in proteins. The obtained results and conclud-
ing remarks form Sec. V. The bath influence function in Eq.(3), G(t)

=G4(t) +1G4(t), corresponds to that introduced by Leggett

et al.[16]. Carrying out a double time-integration of the sec-
II. DRIVEN SPIN-BOSON MODEL ond momenK (t), and taking notice of the expression for the
WITH ENERGETIC DISORDER bath reorganization energ¥, =% /5[J(w)/w]dw, one ob-

We start with the well-known spin-boson modab,17,  tainsG(t)=[bdt, [ K (tp)dt+i(E, /)t [11].
including a time-dependent energy bias in the following Equation(2) is our starting point for the subsequent con-
Hamiltonian: sideration. Until this point the time dependences¢f) was
not specified, and could be quite arbitrary. Let us consider a
model in whiche(t) undergoes random jumps between two
H(t)=3e(t)o,+ Vot 20,0, ky(bl+by) different values. These two values should have equal prob-
A abilities to appear, and the jump process should be a dichoto-
mic Markov proces§DMP) [28]. Additionally, we suppose
+, hawyblb, . (1)  that the energy bias can be driven by a regular time-
A dependent external force, i.e., we assume

Here, o,=]1)(1|—|2)(2| and o,=|1)(2|+|2)(1| are the e()=fida(t)+e(t), 4
pseudospin operators defined by two localized stdtesnd
|2). These states are coupled by the tunneling matrix elementhere A is the amplitude of the jumpsy(t) specifies the
V. The energy difference of the localized states the DMP, andz(t) is a still arbitrary time-dependent part of
energy bias e(t) =E;(t) —E(t) is taken as an explicitly ¢(t) whichdoes not correlatevith the dichotomic jump pro-
time-dependent quantity. The thermal bath is suppose@esses. The mean energy bigss included in the definition
to be harmonic, withb, and by as the bath quanta ot T(t). According to the chosen model we have
e_mnlhllatlon and preatlon operators, respectw_ely. Its stochaso—[(t): +1 with a zero mean(a(t))=0, and, with an expo-
tic influence is represented by a time-dependententially decaying autocorrelation functiofe(t)a(t’))
operator  F(t)=£ 13,k (b e +be ), with  =ex—jt—t'|] [28].
the nonvanishing second momerk (t)=(F(t)F(0))r Now, Eq. (2) appears as a stochastic integrodifferential
=[5 J(w)[ cothfiw/ 2kg T) cosfwt)—i sin(wt)]dw [16,17). eguation yvhi_ch has to be a_veraged with respect to the pos-
Here J(w)=%"23,k28(w—w,) is the bath spectral func- S|b_le realizations ofa(t). First, one has to decouple _the
tion, and the bracket§ )1 =Trg(pg . . . ) denote the thermal noise averagg(f(t,t')a(t")), which can be done using
average over the bath with the equilibrium density matrixthe results of Bourret, Frisch, and Pouqug29]. In
ps and the temperature. accord with Refs. [11,30, we have (f(t,t")o,(t'))

The driven spin-boson model Et) has been the subject ={f(t.t')){oz(t")) +{f(t.t") a(t")){a(t’) o (t")) indepen-
of a number of recent studi¢$—3,5—-7,10-12,71In these dentlyof an additional time dependence oft). Then it is
studies the corresponding NIBA master equation was derivedecessary to obtain an additional equation for the correlator
to describe the time evolution of the population difference{a(t')o,(t')). Here the theorem of Shapiro and Loginov
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[31] can be used. Following, furthermore, in line with the Bessel function of the first kind, and we have to identify in

derivation of Ref[11], we obtain the noise-averaged NIBA the present casé=A/().

master equations Let us perform such an averaging procedure, and, after-

d t ward, consider a situation where the decay timgedefined

el — / "y / , , by the functionGg(t) is very small in comparison to the

dt<UZ(t)>_ fo{FO(t't No(t)) = Fatt' {a(t)o 1) relaxation timel' %, i.e.,I'7y<1. Then one can perform the
Markov approximation with respect to theveragedequa-

+Go(t,t")}dt’, tions (and not beforg and the following set of equations of
motion describing the averaged incoherent dynamics is ob-
E - _ [ / tained:
gila®o()=—1r{a( oy () — | {Fat,t")
0
d—
X{a(t")o(t))—Fi(t,t" ) o,(t)) gl od0)=—ko(oo(1)) +ky{a(t)oo(t)) — o,
(5 )
TGt %w(t)oz(t»:k1<az<t>>—<v+k2><a<t>az<t>>—c1.

The various kernels read
The coefficientk,, ki, andk,, are given by

Fo,z(t,t'):so,z(t—t’)fo(t—t')cos(%Jt”g(r)dr), -
‘ k= 3 IOk ®

1(te P

Fl(t,t’)z|Sl(t—t’)|fo(t—t’)sin(gf 8(7')d7'),
t!

and in a similar manner we expregsandc,. The expansion
®  coefficients correspond to a similar problem without the pe-
riodic driving, and to the shifted mean energy gap

(1t
Golt,t') = So(t=t)go(t )SIﬂ(gft,S(T)dT), e =hw,=h(we+pQ). They read as

1 4v2 (=
Gy(t,t")=|Sy(t—t")|go(t—t’ )cos( f e(T)dT> Kozp=—2" e—Gs<T>—<V’2>T| cosh 7\/v2/4— A?)
0
whereS,(7)=(i/A)*(d*/d7)S(7), and v
i\/2:4A28in|'(T\/ V2/4—A2)
i t ’ ’ -
S(7)= (e ety = o= (271 o 7124~ A?) v
X cog G co dr,
+ vl = AAZSinN( 7/72]4— A%)} $Ga(7)Jcod wpr)dr
is the noise-averaged propagaftbt] of the celebrated Kubo 4v? Gu(r)—(v2)7
_ J | . Kip=—% s
oscillator[28,32. Since the present set of equations includes Pog «/v7—4A§
an additional regular time dependence of the bias, it gener-
alizes our earlier derivations of Refl1]. X sinh( 7y v?/4— A?)cog G4(7)]sin(wp7)dT, ©
Il. AVERAGED DYNAMICS AND NONADIABATIC 4V2 [
cw DRIVING: MARKOV APPROXIMATION Cop="37 e_GS(T)_(”lz)T[ cosh{ 7\v?/4— A?)
Now let us specify the type of external driving considered
in the remainder of this paper. We restrict ourselves to the 4 . > >
= + ————=sinh(7\v/4— A
simplest case of sinusoidal driving and put(t) Ji2—4A2 hry )
=fwg+ A cosdt), wherefiwq is the constant bias, and ) ,
#A and Q) are the amplitude and the frequency of periodic Xsin Gy(7)Jsin(wp7)d,
driving, respectively. Moreover, we will consider the time-
averaged dynamics for the important case of nonadiabatic 4V? o Ge(7)~ (W27
driving whenQ>v,I". HereI" stands for an effective tran- C1p= 72 T Z2_A2 m
sient rate which will be defined below. Following the reason-
ing of Refs.[2] or [12], one can show that the averaged X sinh( T\/V2/4_Az)Sir{Ga(T)]COSpr)dT-

dynamics obeys the averaged equations which are similar to

Egs. (5), but formulated with the kernels which have beenThese expressions are valid in the case2A. To obtain the
averaged with respect to the oscillations period according teoefficients in the case=2A, one has to perform the limit
the rulef(t+ 7,t)=(Q/27) [3™dt f(t+ 7,t). This averag- »—2A which is easily achieved.

ing can be easily carried out by noting the well-known rela- Equation(7) describes the two-exponential transient dy-
tion exp{{wt)=2;__.J(dexplpwt). Here J,({) is the namics which approaches the steady state
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Clk1+ Co(V+ k2) + 4V2JOC _ . .
S=— == Gs(7) +
T T otk ke— K2 (10 =77, ¢ SiNG,(7)]sin (w,+A) 7]d7

of (o,(t)) with the rates \j,=3{r+ko+k, correspond to a situation with static dichotomic disorder, i.e.,
+\J(v+ko,— ko) 2+ 4k7}. The smaller rate can be considered €(t) =eo= A +#A coslt).

as the long-time rate constafit,=\,. Alternatively, this Note that one can obtain Eq7) with the coefficients
transient dynamics can be described by the effective transiefpecified by Eqs(8), (13), and(14) directly from Eq.(2) in
rateT" defined ad”=1/(7), where three steps. First, one has to introduce the Markov approxi-

mation directly in Eq(2). Then it is necessary to perform the
C— averaging over fast nonadiabatic oscillations of the energy
fo [(oo(1)) — oz ]dt bias in the resulting differential equation, and to assume the
(1)= S (11)  adiabatic dependence of the coefficients on the dichotomic
04(0) 07 fluctuations. After this, one has to average the resulting sto-
chastic differential equation over thiichotomically fluctu-
ating coefficientsSuch an approximation disregards the in-
terference of the quantum fluctuations of the heat bath and of
k% the random external driving. Mathematically this is ex-
(120  pressed by the absence of the termi2 in the exponent of
expression$14), which can badly modify the dependence of
Furthermore, to have a measure for the deviation of the a\)f.ip on wp at largew, [11,21]. Nevertheless, this approxima-

eraged transient dynamics from the exponential behavior, Wgon is very useful for the qualitative analysis.
g y P Such an analysis of the rate expressi@8) for fluctua-

introduce the quantityy=2(I"—TI',.)/T", which varies be- . . )
tween y=0 (for the pure exponential relaxatipand y=1 Egoenqsu;\lliltt; a large Kubo number shows thiit=v, if the

(for strong deviations from the single-exponential behavior

In the absence of any random or periodic driving it fol- 2ktk™
lows o3= —tanhgy/2kgT) [16]. Therefore, the ratio of the P
steady-state level populationspi=(1+0c3)/2 and p3

= (1_ Ui)/z, Corresponds to the Boltzmann equilibrium dis- is fulfilled, wherek* = 2;0:7@J§(§)k§ Cltis easy to guaran-
tribution, i.e.,p3/p>=exp(—&o/kgT). Strong external driving tee this condition whelk* and k™ differ largely from one
leads to the deviation from the equilibrium distribution, another, i.e..k >k*. Then inequality(15) simplifies to
which can be accounted for by the effective energy bias in2k*<p<k~/2, and the effective transient rate is defined ex-
troduced ag o= kgTIn(p3/p3). Similar effects have been al- clusively by the rate of dichotomic jumps, or, in other words,
ready discussed for the cases of random and periodic driving gated by these jumps. A similar regime was also revealed
apart[2,7,10-12, and for the combined action of a dichoto- for the model of dichotomically interrupted intersite coupling
mic fluctuating intersite coupling and a periodically fluctuat-[10]. It is worth mentioning that the discussed strong in-
ing energy bia$21]. equality can be either destroyed or improved by the periodic
Next let us discuss some general properties of the avefield which can essentially modify the ratke$. This offers a
aged dynamics stemming from Ed3), (8), and(9). In the  way to switch the averaged transient dynamics between dif-
case of degenerated TLS’s, i.eg=0, we havek;=0. Thus  ferent regimes.
the dynamics is single exponential with the transfer rate

I'=kq independent on the amplitud® and the frequency IV. PERIODICALLY DRIVEN LONG-RANGE

v of the energy bias fluctuations, as well as independent on ELECTRON TRANSFER WITH DYNAMIC DISORDER
the amplitudeA and frequency) of the periodic driving.

This result is similar to the case of a minor periodic driving 10 illustrate the approach, we consider a long-range ET in
[11]. Furthermore, in the case of a small Kubo number Proteins. We identify the energy, of the spin-boson model
K=A/v<1 [28], we havek,<kg,k,. Hence it follows that ~With the free-energy gaRg. A corresponds to the ampli-

I'~TI.~ko, and single-exponential averaged dynamics idude of fluctuations of the free-energy gap between

also obtained in this case. Eg+= Eg+ A and Ey=Eg—7A. Thesg nonequilibrium
The extreme case of large Kubo numbeks>1, is of fluctuations are supposed to result from jumps of the macro-
more interest. Now, if fluctuations are very slow with respectmolecule between two conformations with equal probability.

is the mean relaxation tim@MRT) [33]. Then, in accordance
with Egs.(7) and(11) we get

F:ko_

V+k2.

<pv<i(kT+k") (15

to the decay timerg, i.e., v74<1, we have Such jump processes could be inherent to complex electron
transferring molecular structurgsee an example in Ref.
kop~Kop=3(ky +ky), kip~3(k, —Kp), [34]). In addition, they can be stimulated, e.g., by the di-
13 chotomic fluctuations of the transmembrane potential
Cop~3(Cp+Cp), Cip=3(Cy—Cp) A ¢(t) via the mechanism of electroconformational coupling.
This could happen, for example, if the considered protein is
as a first-order approximation. Here the quantities located in a biological membrane, and realizes ET from one
A2 side of membrane to the othgt2]. Such fluctuations of the
ké:?fo e Cs(cogd G 7)]cog (w,*A)7]dr, ?T:t(e)(r:rt]rel;t%cfeenglacl:lc;r:l bedglﬁo dlr?c? coup_led to fthre] dipole
(14) =er. y, dichotomic fluctuations of the en-



56 COMBINED INFLUENCE OF RANDOM AND REGULAR . .. 1425
ergy bias can also be induced by an externally applied ran-
dom electric field. In any case, these fluctuations have to (a)
occur in anautonomousegime to justify the applieéxter-

nal noise model. Additionally, the regular electric field

E(t) = E,cost), which should be applied parallel to the di- -

p(?le momentd, .results in trle fEee-energy gap oscillations ////,//I/’;ZQQ‘\“’/ ‘:;{‘;;‘i:"—:;\ \\‘
with the amplitude #A=|d|-|&|. Note that a time- ] \\\‘\\\\ SR
independent external electric field can be introduced in the loglggr) I/ \\\

definition of E; as an additional energy shift. [s™']

To derive the ET rate it is supposed that the electron "
couples to a dense set of the low-frequency protein vibra-
tions with upper cutoff frequencwy . (In proteins,wp is
typically about 30 cm? [25]). If room-temperature condi-
tionskgT>% wp are provided, one can consider the influence o
of the protein vibrations on the ET in the quasiclassical ap-
proximation, and approximate coth¢/2kgT)~2kgT/A w in
the expression foK(t). Then the mean-square amplitude of
the energy gap fluctuations caused by vibrations is
hA;=h+K(0)~2EkgT independentlyof any concrete (b)
model ofJ(w). HereE, is the reorganization energy of low-
frequency vibrations which can be treated now as a phenom- .
enological parameter. Furthermore, we assume that the reor K
ganization energy is large enough to ensure the strong )
inequalityy2E kg T>% wp . Then one can use the short-time
approximation of the bath influence functio@(t), i.e.,

(e}
G(t)~kgTEt?/A2+iE t/A [19]. Substituting this expres- N le”””lllll“
sion into Eq.(9), one can express the related integrals via the ceft/ Eg & ""Q("’-"’l’l’l’l"
. : - . \\\\\\\\.." Q..Q/” 11O/ 17
error function of a complex variable similar to that done in ° ?%g\\!.!""’ﬁ%‘z‘“\iii’
Refs.[11,21. Then Egs.(8), (10), and (12) can easily be ° \‘\‘Q\‘Q\;\Q\!’-,;!,;ﬁ:;,::,:l,,',,’:,’{:.:“\\
calculated numerically. N ":t:l/’lll”:,"

To demonstrate the possible effects of the combined ac- :
tion of the dichotomic and periodic driving, we perform d.
these numerical calculations for the following set of param-
eters,E;=0.45 eV, E;=0.15 eV, V=5x10* eV, and )

T=300 K. This chosen set of parameters is typical for the - hA [eV] 1o

ET in some types of metalloproteii85]. The quantities

A, v, Q, and{=d&,/7Q have been varied independently  FIG. 1. Effective transfer ratds (curvea) and effective energy
from one to another. Figures 1 and 2 show the ET rate imap e (curve b) vs the noise amplitude\ and the coupling

dependence on the amplitude of the regular field with frestrength{ for a jump frequency =10 s 1. Other parameters are
quencyzQ =1 eV, and in dependence on the amplitude ofgiven in the text.

the dichotomic fluctuations at two different frequencies.

Let us start the discussion with an analysis of the influ-noise may invert the transfer direction. We would like to
ence of dichotomic fluctuations in the absence of the periodiétress this very important result, which indicates that the di-
field ({=0). A comparison between Figs(al and 2a) rection of the ET can proceed again the averaged energy bias
shows that the dependence of the effective transfer rate ditle to strongly correlated fluctuations. The explanation for
the amplitude of the fluctuations is quite different for the this unusual behavior, however, is quite simple if one accepts
case of fast fluctuations with=10'2 s™1, and for the case the adiabatic approximation introduced by E¢%3) and
with »=10° s 1. In the first case, the rate increases expo-14).
nentia”y with A, and has two maxima which approximate|y In the Cor_lsidered case this approximation results in the
correspond to the maxima of the forward and backward rategate expression
On the whole, the transfer process is single exponential with

0

a small parametey< 10~ 3. (The dependence of on ¢ and & _2m V2 (e (B3 BV KT

A is not shown in this case, since it is of less intejdstthe ho \JamE kgT

second case of the transfer is mainly nonexponerisae )

Fig. 3 for the behavior o). Additionally, the dependence +e*<E§+Er>2/4ErkBT}, (16)

of I' on A is quite different.I' decreases and reaches at

#A>0.1 eV the constant valuE~10® s !, which indi- which is the sum of the forward and backward rates well
cates that the transfer proceeds in the gated regime. For fagbown in the Marcus theory of ET reactions in condensed
as well as slow fluctuations, the variation of the effectivemedia[36]. Without periodic driving, this approximation is
energy gape.s With A demonstrates that externally applied quite applicable for the discussed range of parameters. It
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FIG. 3. x vs the noise amplitudd and the coupling strength
¢ for a jump frequencw=10° s~1. Other parameters are given in
the text.

0
eeft/Eg 5 we may conclude that such a gated regime exists in which
the transfer direction can be inverted, although the transfer
rate itself is not affected. Figurega} and 4b) demonstrate
the dependence of the effective rate and the effective energy
4 gap on the frequency of the fluctuations at fixed amplitude
hA=0.15 eV. Here the free-energy gap jumps between
Eg=0.6 eV andg; =0.3 eV. It can be also deduced from
Fig. 4(a) that the ET changes from the nonadiabatic type of
transfer at v<10* s! to the gated transfer at
10* s l<p<10® s, and then again back to the nonadia-

FIG. 2. Effective transfer ratds (curvea) and effective energy  batic type what is in accordance with the criterion of Eq.
gap e (curve b) vs the noise amplituded and the coupling (15).
strength{ for a jump frequency=10° s™*. Other parameters are  To discuss the influence of the periodic driving, we ne-
given in the text. glect the dichotomic fluctuations\(=0) in a first step. Un-

. . ) . der such circumstance the periodic field can ress the ET
states that the nonadiabatic ET rate folloadiabaticallythe [Figs. 1 and 23)], it can ent?ance itnot showr)sutl)oupt itscsan

actual position of thf free-energy gdpy(t) which jumps 5155 invert the direction of the transfgFigs. 1 and 23)].
between two valueEy >0 andEy <0. The positive energy - This pehavior has been already discussed in R&f$2], and
value corresponds to the direct transfer and the negative ORge will concentrate in the following on the additional effects
is related to the inverted transfer. The probabilities of the,iroduced by a dynamically disordered free-energy gap. The
conformational states corresponding g >0 andE; <0  most interesting ET regime might be the periodic field-
are identical. But thenonmonotonicdependence Oko on  induced crossover from the gated to the nonadiabatic ET
, EQ.(16), leads to the result that the rate of the inverted[Figs. 2a) and 4a)]. If this crossover appears, the ET could
transferkg is larger than the ratk; of the direct transfer. change from nonexponential to single-exponential behavior
For this reason, the averaged transfer takes place in the iFig. 3). An additional effect of interest occurs at moderate
verted direction despite the fact that the averaged energy gagmplitudes of the fluctuation, i.e., at 0.15 €¥A
is positive. Using this effect, one would be able to construct<0.5 eV, and at large frequenciéBig. 1). One can con-
a molecular devicéat least in principlewhich could extract clude from Fig. 1 that a regime is possible in which the
useful work from strongly correlateabnequilibriumfluctua-  transfer is nonadiabatic, and its rate is only slightly affected
tions. A number of similar results have been recently re-by periodic field, but the direction of transfer can be in-
ported in the field of classical physiE24]. In relation to this  verted. Such a behavior may appear if the transfer is almost
conclusion we have to stress here how dangerous it could bactivationless due to the combined action of the quantum
to model an environment staying in thernegjuiliboriumby a  dissipation and the dichotomic fluctuations. To realize such
strongly correlate@xternalnoise[23]. an effect the field strengtlf, has to be of the order of
Furthermore, in comparison of paf® and(b) of Fig. 2, 10°-10 V/cm at a transfer distance af>10 A [7,12.
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as a dichotomic Markov process. The other source was
(a) treated as statistically independent, but quite arbitrary in oth-
ers aspects. Starting from the generalized master equation for
the driven spin-boson model, EQ), which was obtained

tions, including either regular or stochastic driving fields.

Here the approach was applied to the case of single harmonic

external field. The averaged transient dynamics for this
2 model was considered in the limit of a fast nonadiabatic driv-
ing and in the Markov approximation. Within this approxi-
mation an expression for the effective transient réi8)
could be obtained with coefficients given by expansign
and Eq.(9). This expression allows us to trace the influence
of the dichotomic and periodic driving. For the case of a
strongly asymmetric TLS, one can predict the gating of the
transfer achieved by dichotomic noise. Additionally, the
switching between different transfer regimes by applying a
strong periodic field could be proposed.

To illustrate the main ideas of this work, we choose the
model of the periodically driven long-range ET in a protein,
which additionally undergoes nonequilibrium fluctuations
between two conformations. The influence of low-frequency
protein vibrations on the transfer process was taken into ac-
count in the quasiclassical approximation and in the high-
temperature limit. It was possible to demonstrate the inver-
sion of the transfer direction against the mean energy bias
merely by dichotomic fluctuations when the periodic field is
absent. It is interesting to note that such an inversion could
happen despite the fact that the effective transfer rate is not
affected(gated regimg

logye(v) [s7] 727 ° This noise-induced inversion of the transfer direction
bears some resemblance to similar effectaafiequilibrium

FIG. 4. Effective transfer ratds (curvea) and effective energy noises found recently for classical diffusional systei24].
gap e (curve b) vs the noise frequency and the coupling In the related domain, the possibility of noise-induced direc-
strength{ for a noise amplitudéi A =0.15 eV. Other parameters tional diffusion in unbiased systems has been discovered. In
are given in the text. our case, however, we have a somewhat different situation,

when the already existing energetic bias can effectively be
Note also that, in the absence of the periodic field, the effecinverted by correlated fluctuations.
of transfer inversion by dichotomic fluctuations becomes Furthermore, it was shown that the periodic field can de-
stronger at low jump frequencid&igs. 1b) and 2b)]. At  stroy the gated regime, and can essentially enhance the rate
low jump frequencies, however, the periodic field tends toof transfer. Its influence depends on the rate and amplitude of

o /7 ,,',';:;,;,;;.’.4.;;_,;.—;;;;,;’;’;\ earlier in NIBA [3,5,6,11 we initially arrived at the exact
%g%}%#ﬂl%%?f = averaging of this equation with respect to the dichotomic
,',""l"",',"':.:,':{.;;;;?(’-\‘.és!!{l fluctuations. The resulting set of integrodifferential equations
logo(T) 'I""""lll,',',/’/’// ““" (5) generalizes our previous res(gee Eq(27) in Ref.[11]]
= """ 'lll,l/ “’ to the case of an addlthnal time dependence of the energy
”"’i"“ “ bias. They can be used in a number of forthcoming applica-

smear out this effect complete[¥figs. 2b) and 4b)]. the fluctuations. For example, it can invert the transfer direc-
tion in the case of fast fluctuations, but does not cause this
V. CONCLUSIONS effect at slow ones.

In the present paper, a generalization of the standard spin-
boson model WhICh. results from the. inclusion of a time- ACKNOWLEDGMENTS
dependent energy bias has been studied. It has been provided
that this time dependence originates from two different Financial support for this work by th&/olkswagen-
sources. One was assumed to be a random process modekiiftung Germany, is gratefully acknowledged.
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