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1. Introduction
The quantificationof a dissipative subsystemmoving in a stablepotential is an old

problem. The quasi-phenomenologicaldescriptionsof the subsystemin isolation [1–3]
have beenreplacedby thosein which thesubsystemandits environmentareregardedas
forming a closedsystemwhich canbedescribedby a Hamiltonianwhich containsanex-
plicit dissipationmechanism.In this sense,we will considertheapproachof Caldeiraand
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Leggett[4] wherethephenomenonof dissipationis simply the transferof energy from a
singlemacroscopiccoordinate,characterisingthestateof thesubsystem,to theverycom-
plex setof degreesof freedomdescribingtheenvironment.It is assumedthat theenergy,
oncetransferred,effectively disappearsinto environmentandis not recoveredwithin any
timeof physicalinterest.If oneacceptsthatwecanquantifythemotionof themacroscopic
coordinate(seethe “quantummeasurementparadox”formulatedby Schr̈odingeras the
“Cat Paradox”[5]), thendifferentvaluesof thiscoordinatewill correspondto statesof the
subsystemin interactionwith its environment,macroscopicallydistinguishable.Thermal
effectsinducedby theenvironmentwill disturbtheinterferencebetweenthesemacroscop-
ically differentstates.

Importantphenomena,suchaswavepacketdynamicsin atoms[6], defecttunnellingin
solids[7], electrontransferin chemicalandbiologicalreactions[8–10],or theproblemof
thequantumcomputers[11], arecorrelatedto theeffectof quantumcoherencedestruction
by dissipativeinfluencesof theenvironment.In thispaper, weshallconsideramicroscopic
subsystemwith two states(mTSS)interactingwith eachotherby a so-calledtunnelling
term.For mTSS,we will considerthetwo-dimensionalspacespannedby thetwo ground
statesof the double-wellpotentialneededto representit. The pictureof sucha descrip-
tion andits validity conditionscanbe found in Ref. 12. The presenceof the tunnelling
term assuresthe coherencebetweenthe two statesof mTSS,andconsequently, between
the two macroscopicstates,L andR, of the resultingmacroscopicdissipative two-state
system(TSS)formedby mTSSandits environment.Thequantumcoherencedestruction
is inducedby the coupling,which in the quantumtheoryof relaxationis seenasa “loss
mechanism”.Onecanprove that the problemof mTSS—environmentinteractioncanbe
castin theform of thespin-bosonHamiltonian,averyefficient theoreticaltool usedto de-
scribesuchaninteraction(seeAppendix).In termsof thespin-bosonHamiltonian[12,13],
the two statesof TSSareseenasbeinga spin 1

�
2 particle. To describethe two states,

let usconsider� � l � � � r � � thebasisof thetwo-dimensionalHilbert spaceandthePauli ma-
trix σz (in Schr̈odingerrepresentation),so that σz � l ���	� l � andσz � r ����
�� r � . The energy
difference,ε, betweenthe two levels involved in a transitionbelongingto mTSSandthe
tunnellingterm,h̄∆, arecomponentsof theHamiltonianHs of atwo-levelsubsystem(TLS);
Hs �� ε � 2� σz 
� h̄∆

�
2� σx describesthedynamicsof an isolatedmTSS.The environment

coordinatesandall thecoordinatesof mTSS,otherthanthetwo describingthepositionin
oneof thetwo states,L or R, areseenasanensembleof harmonicoscillatorsthatcreate
theso-calledoscillators’bath.In σz-representation,thestandardspin-bosonHamiltonian
is written

H � ε
2

σz 
 h̄∆
2

σx � ∑
j

�
p2

j

2mj
� mjω2

j x
2
j

2 � � q0

2
σz∑

j
c jx j �  1�

Thethird termis thebathHamiltonian,Hb, andthefourth is the interactionHamiltonian,
Hcoupl, written assuminglinear-couplinghypothesis.In Eq. (1), p j is the momentumop-
erator, mj the effective mass,ω j the oscillator frequency, x j the coordinateof the j-th
oscillator, q0 a scalingparameterandc j thecouplingstrength.Theharmonicoscillators’
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bathis fully characterisedby thespectraldensityfunction

J � ω ��� ∑
j

c2
j
δ � ω � ω j �

mjω j

thatgivesthedensityof statesof bathweightedby the couplingstrengthbetweenmTSS
andenvironment[12]. In moststudies,e.g.,electrontransferreaction(ETR), J � ω � hasan
Ohmicterm,that is, J � ω ��� µωexp � � ω � ωc � , whereµ is a measurablefriction coefficient
for thedynamicsof macroscopiccoordinateandωc is ahigh-frequency cut-off thatassures
convergence.

In this article, we are interestedin the problemof the time evolution of TSS when
mTSSis weakly coupledto the environment,assumingthat this weak coupling is also
transferredto thespin-bosonHamiltonian.Thedynamicsof TSSwill bedescribedin Sec-
tion 2, theresonancetreatment’scharacteristicsfor its applicationto ETRandits utilisation
to theprimaryETRin abacterialphotosyntheticreactioncenterwill beconsideredin Sec-
tion 3.

2. Dynamicsof thedissipativetwostatesystem

Therateconstantof non-adiabatictransitionsbetweenL andR in theweak-electronic-
couplinglimit (smallh̄∆) – whentheenvironmentrelaxationtime is muchshorterthanthe
timeof effectivetransition,sothattheinitial stateis anequilibriumone– canbederivedby
the Kubo-Toyozava formula [14]; this procedureis alsoappliedto the spin-bosonmodel
[15,16].

Thelimit of weaksubsystem-environmentcouplingallows to treatHcoupl asa stochas-
tic function of time. The dynamicscan be treatedin the framework of the quantum
theoryof relaxationby the densitymatrix method.To find the macroscopiccoordinate,
we note that, taking into accountthe equilibrium states,a position operatorcan be de-
fined by q � l ���	��� q0 � 2� � l � and q � r ���	� q0 � 2� � r � . Consequently, the operatorq defined
by q �	� l �  l � q � l �  l � !"� r �  r � q � r �  r � becomesq ���#� q0 � 2� σz. Hence,the macroscopicco-
ordinateis  q � t � �����#� q0 � 2� Tr � ρtot � t � σz��$���� q0 � 2� Sz � t � , whereρtot representsthetotal
matrixdensityof thecompletesystemandTr anaverageoverall coordinatesof thesystem.
Si � t ��$� σi � t � � (with i � x % y% z) is theaveragevalueon ensembleof oscillators’bathand
of TLS coordinates.

In TSS,and,alternatively, in spin-bosonHamiltonianterms,the transition’s scenario
is as follows: until t � 0, the environmentis in equilibrium andmTSSis found in the
initial stateor in correspondencein state� l � (wheretheeigenvalueof σz is unity). At t & 0,
the constraintimposedon mTSSis switchedoff andit evolvesunderthe actionof total
Hamiltonianto anequilibriumstate.In thesecircumstanceswehaveto follow thereduced
densitymatrix, ρ, which characterisesTLS, more preciselythe term ρl l � t �'�( l � ρ � t � � l �
which givesthe probability to find the systemin the state � l � , or equivalently, mTSSin
its initial state.Themacroscopiccoordinateis correlatedwith theprobability p � t � to find
mTSSin its initial stateby ρl l � t ����) 1 ! Sz � t � * � 2 � p � t � . In orderto castthe problemin
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termof a resonancetreatment,we write

Hs +�, 1
2 -σ . -/ +0, 1

2 -σ . 1 h̄∆-i , ε-k2 3 1 22
where -/ is “the magneticfield” and-i and-k areunit vectorof OxandOzaxes,respectively.
In thebasis4 5 l 6 3 5 r 6 7 , Hs hasnotadiagonalform and -/ is notparallelto thespindirection.
To applytheformalismof magneticresonance,wheretheconstantmagneticfield isparallel
to thespindirection,we shallconsidera basisrotationwhich diagonalisesthematrix and
simultaneouslybrings the “constantmagneticfield” on Oz8 axis. From the calculusof
eigenfunctions4 5 16 3 5 26 7 andeigenvalues4 E1 3 E2 7 of Hs, weobtain9 5 165 26;: + 9 cosθ sinθ, sinθ cosθ : 9 5 l 65 r 6<: 3 U + 9 cosθ sinθ, sinθ cosθ : 3=1 32
where:

cosθ + 1>
2 ? 1 @ r>

1 @ r2
3 sinθ + 1>

2 ? 1 , r>
1 @ r2

3
E1 + h̄∆

2 A 1 @ r2 3 E2 +0, h̄∆
2 A 1 @ r2 and r + ε

h̄∆ B
A new frameO8 x8 y8 z8 will correspondto the new basisandthe total HamiltonianH will
beobtainedby a similarity transformation, H 8 + U C 1HU . In theσzD representationof the
new basis,thetotalHamiltonianH 8 becomes

H 8 + h̄ωL

2
σzD @ q0

2
cos2θ ∑

a
caxaσzD , q0

2
sin2θ ∑

a
caxaσxD @ ∑

a

9
p2

a

2ma
@ ma

2
ω2

ax2
a:

+ Hs8 @ / xD 1 t 2 σxD @ / zD 1 t 2 σzD @ ∑
a

9
p2

a

2ma
@ ma

2
ω2

ax2
a : 3 1 42

with: cos2θ + r E > 1 @ r2 3 sin2θ +(, r E > 1 @ r2 3 ωL + ∆
>

1 @ r2, Hs8 + 1 h̄ωL 2 σzD . Now,
the problemis similar to that of magneticresonancefor a spin 1/2 particlewith the loss
mechanismsgivenby

/
xD 1 t 2 and

/
zD 1 t 2 . In analogywith the resonancemagnetictheory,

themodesof frequency ωL thatcouldbeobtainedfrom thespectralcomponentsof
/

xD 1 t 2
couldleadto transitionsto theupperlevel of TLS. In caseof weaktransverseRF, suchpos-
sibletransitionsdo not give a saturationeffect.Thatmeans,theoscillators’bathactsonly
to destroy coherence,andin theSchr̈odingerpicture,Markoff andsecularapproximations
[17], theequationof motionof the reducedmatrix densitybecomesa generalisedmaster
equationwithouta termincludingsuchtransitions[18]. In suchcircumstances,in thenew
frameO8 x8 y8 z8 , thedynamicscouldbegivenby theBlochequationswithout transverseRF

168 FIZIKA A 7 (1998)4, 165–176



CHECHE ET AL .: A RESONANCE TREATMENT AND ITS APPLICATION TO . . .

field. They considerHcoupl throughthe two relaxationtimes,τ1 andτ2, the longitudinal
andthetransversalrelaxationtime,respectively. Their form is [17]

ṠxF G�H ωLSyF H SxF
τ2 I ṠyF G ωLSxF H SyF

τ2 I ṠzF G SJ 0KzF H SzF
τ1 I L 5M

wherehereandin thefollowing thesuperscript“ J 0K ” denotesthevaluein theequilibrium
state.In orderto solve Eqs.(5), we shalluse(asa technique)therotationmatrix induced
by transformationof bases.The grandwave function of the completesystemis written
[19] N

χ O G N l O Φl P N r O Φr G N 1O Φ1 P N 2O Φ2 I L 6M
whereΦ’s arefunctionscontainingthevariablesof theenvironmentandof mTSS,others
thanthosedescribingthe two coordinatesof TLS. Betweenthe spinorsof the two bases,
thespinorrotationmatrix is written [20]Q

Φ1
Φ2 R G Q cosθ sinθH sinθ cosθ R Q Φl

Φr RTS L 7M
For example,in thebasisU N l O I N r O V thespinor L Φl I Φr M T generatesthereducedmatrix den-
sity

ρ G TrbathW N χ O X χ N Y G Q X Φl

N
Φl OZX Φl

N
Φr OX Φr

N
Φl O[X Φr

N
Φr O R G 1

2

Q
1 P Sz Sx H iSy

Sx P iSy 1 H Sz R I\L 8M
whereTrbath meansan averageon oscillators’bathensemble.A similar relationwill be
foundfor thebasisU N 1O I N 2O V (in obtainingEq.(8),weusedρ G L 1 P^]σ _ ]SM ` 2M . Considering
Eqs. (6) and(8) for the two bases,we recover the rotationmatrix of all vectorsthat is
generatedby thespinorrotationmatrix [21]ab

SxF
SyF
SzF#cd G ab cos2θ 0 H sin2θ

0 1 0
sin2θ 0 cos2θ cd ab Sx

Sy
Sz cd S L 9M

Thetemporalevolutionof thesystemwill becharacterisedby thefunctionsΦ, sothatEqs.
(8) and(9) hold at any moment.RegardingEqs. (6) and(8), we mustremarkthat such
formshold only if we assumea negligible mTSS-mTSSinteraction,that is, thecomplete
systemcould be representedonly by one mTSSin interactionwith the medium. This
approximationcanwork for a small densityof mTSSs.To solve Eqs. (5), we needthe
initial conditionsandthe stationarysolution. At t G 0, the systemis preparedin a pure
stateandthereducedmatrix densityis ρ L 0M G L 1 P σzM ` 2 for this case(TLS in the initial
state
N
l O ), sothatwith ρ L 0M G L 1 PT]σ _ ]SM ` 2, oneobtainsSx L 0M G Sy L 0M G 0 andSz L 0M G 1.

In thebasisU N 1O I N 2O V with Eq. (9) we obtain

SxF L 0M G�H sin2θ I SyF L 0M G 0 I SzF L 0M G cos2θ S L 10M
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At equilibrium,thereducedmatrixdensityis givenby

ρe f 0gihkj W1 0
0 W2 l h 1

Z
j exp m n βE1 o 0

0 expm n βE2 o<lTp m 11o
with Z h 2coshm βh̄ωL q 2o [12]. FromEq. (11), at equilibrium,oneobtainsSf 0gxe h Sf 0gye h 0

andSf 0gze h W1 n W2
h n tanhm βh̄ωL q 2o . For our initial conditions,thesolutionof Eq.(5) is

Sxe m t o h n sin2θ cosωLt exp m n t q τ2 o p Sye m t o h n sin2θ sinωLt exp m n t q τ2 o p
Sze m t o h m cos2θ n Sf 0gze o exp m n t q τ1 o r Sf 0gzets m 12o

The inverseof the rotation matrix generatesthe following solution for the measurable
macroscopiccoordinate:

Sz m t p r p T o h ru
1 r r2

j ru
1 r r2

n Sf 0gze l exp j n t
τ1 l r Sf 0gze ru

1 r r2r cosωLt
1 r r2 exp j n t

τ1 l s m 13o
To find therelaxationtimes,onecanuseastraightforwardperturbation-theoreticalcalcula-
tion. Leggettetal. [12] find thatto asecondorderin thesystem-environmentcoupling,the
two timesareequal.A moreaccuratecalculus,thattakesinto considerationthefluctuation
of ε, gives[13,22]

1
τ1

h q2
0

2h̄
J m ωL o coth j βh̄ωL

2 l and τ2 v 2τ1 s m 14o
For quantitativeestimationsof thedecayrate,onecanuse“the averagesurvival time” that,
in accordancewith Ref.23 canbedefinedby

τm
h ∞w

0

Sz m t o n Sz m ∞ o
1 n Szm ∞ o dt s m 15o

It is equivalentto the“meanfirst passagetime”, andits inversewill serve asoneestimate
for thereactionrateconstant.UsingEqs.(13),(14)and(15),wefind

τm
h m r q u 1 r r2 o m r q u 1 r r2 n Sf 0gze o τ1 r τ2 q x m 1 r r2o m 1 r ω2

Lτ2
2 o y

1 n Sze m r q u 1 r r2o s m 16o
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3. Discussion
The dynamicsfound in Eq. (13) is a superpositionof two terms: an oscillatingone

(“coherentcomponent”)similar to thatoccurringfor unbiasedcase(ε z 0), andapureex-
ponentialrelaxation(“incoherentcomponent”)which appearsonly for biasedcase(ε {z 0).
Theconsiderationof Sz | t } is particularlyimportantin thecontext of macroscopicquantum
coherenceissue,wherean observation (non-observation)of oscillatorybehaviour would
beof fundamentalsignificationto our understandingof quantummechanics.Theform of
Eq. (13) shows the typical phenomenonof “quantumbeats”,reproducingquantumme-
chanicalinterferenceeffects.Thisexpressioncharacterisesthedynamicsof thesubsystem
in interactionwith environment, in the weak coupling limit. The subsystemrelaxation
couldbeunderdamped,overdamped, or slow-overdamped, dependingon thevaluesof the
parametersappearingin Eq. (13).

Thisresonancetreatmentwasusedto characteriseETRin asolutionfor anoverdamped
regime of decay[24]. In the caseof ETR, the two energy levels of TLS involved in the
transitionarethe electronicgroundstateenergiesof the reactant,~ (donor+ acceptor+
solvent, beforeelectrontransfer)andof the product, � (donor+ acceptor+ solvent, af-
ter electrontransfer).Theselevels areconstructedin the self-consistentfield of all other
electronsandnuclei of the completesystem,asexperiencedby the transferringelectron
for a given nuclearconfiguration.The environmentfluctuationspermanentlymodify the
self-consistentfield by changingthenuclear(vibrational)configurationand,consequently,
the relative positionof the two electroniclevels involved in a transfer. In this dynamical
picture,the electrontransferis producedby an electronictunnellingprocesswith maxi-
mal probability whentheselevels have the sameheight. In the weakcouplinglimit, the
weaker influenceof � z� onthelevelsof TLS makesthefluctuationlessintense.Unlikethe
treatmentof HarrisandStodolski[19], Eqs.(5) take into accountthemanifestationof this
fluctuation.Thefluctuationleadsto thechangeof theTLS populationby influencingthe
diagonaltermsof the reduceddensitymatrix [18]. A mostcommonenergetic represen-
tation of ETR is thatof the free energy curves,whereε is assimilatedasthe freeenergy
gap(reactionexothermicity)(seee.g.,Refs.25 and26). The environmentalfluctuations
permanentlychangethevalueof thefreeenergy of thesystem,changingtheoccupiedvi-
bronic levels.Theelectrontransferrequiresthepassagefrom the lowestvibronic level of~ to thelowestvibronic level of � . As asupplementaryremark,weaddthatour treatment
couldwork in principleevenfor astrongercouplingif thefactorsin2θ thatappearsin � x�
is smallenough(or r is largeenough).

As is known, for slow reactioncoordinate,such as solvent polarisationand gross
protein motion, where in the majority of casesa strongcoupling limit is assumed,an
overdampedrelaxationappears[27]. The methodof non-interactionblip approximation
(NIBA) [12,28] that tacklesthe problemof time evolution of a subsystemin interaction
with its environment is not accurateenoughat non-zerobias, weak coupling (dissipa-
tion) andlow temperature(seee.g.,Ref. 22). Physically, theresonancetreatment,asit is
conceived, approachesprincipally the regime whereNIBA solutionsarenot sufficiently
reliable.In ourapproach,theoverdampedrelaxationcouldbeattainedin thecaseof anon-
adiabaticreaction(a reactionwherethe rateis muchslower thanthe solvent relaxation)
or at themostweaklyadiabaticone.This requiresa relatively small valueof ER (nuclear
reorganisationenergy) andasmallτL (longitudinalrelaxationtimeof thesolvent)[24]. To
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discriminatethenon-adiabaticitycharacterof areaction,weusetheadiabaticityparameter
[28], g � 4πh̄∆2τL � ER. If g � 1, thena non-adiabaticreactionregimecouldbeassumed.
Equation(13)predictsanoverdampedregime(OVR) if thefollowing inequalityholds:

OVR ������ � r�
1 � r2 � S� 0�z��� r�

1 � r2
������ 1 � r2 ��� 1 � � 17�

Consequently, if r is largeenough, i.e., for agivenexothermicity, thetunnellingtermh̄∆ is
smallenough, thenanoverdampedrelaxationregimeappears.

Next, we will considerasOhmicspectraldensityfunctiona Debyeform

J � ω � � µωL

1 � ω2
Lτ2

L

� � 18�
TheFeynman-Vernoninfluencefunctionalmethod[29] predictsfor suchaspectraldensity
functionan overdampedrelaxationregime in thecaseof ETR [24,27,28].FromEq. (14)
andwith α � q2

0µ� � 2πh̄� , therelaxationtimesbecome

1
τ1
� 2

1
τ2
� πα

1 � r2

ωL

1 � ω2
Lτ2

L

coth
βh̄ωL

2
� � 19�

This approachholdsonly if in thelimit of zero-temperature1� τ2 � ωL , sothatit mustbe
appliedcarefully. Thevalidity condition(VC) of this treatment,whenτ � 12 � T � 0� is small
comparedto ωL , becomes

VC � πα
2 � 1 � r2 � � 1 � ω2

Lτ2
L
� � 1 �

If r is small,theoverdampedregimecouldstill appearif the“cos” oscillationsin Eq. (13)
arestronglydamped,that is, τ � 12

� ωL (not to be confusedwith the validity condition).
FromEqs.(14)and(19), for r � 0, this conditioncanbewritten

πα
2

coth
βh̄ωL

2
� 1 � ω2

Lτ2
L � � 20�

imposeslargeT to obtainanoverdampedrelaxationregimeandconsequently, specialcare
mustbe taken when this treatmentis appliedfor the unbiasedcase.For the considered
spectraldensity, we found in Ref. 24 the dimensionlessparameter:α � τLER � � πh̄� ; the
relationholdsfor theconsideredDebyespectral.Theresonancetreatment,whichholdsfor
weakspin-bosoncoupling,hencerequiresarelatively smallnuclearreorganisationenergy.
Themagnitudeof ER for anoverdampedregime is dependenton theotherparametersof
theproblem(h̄∆ � ε � τL � T). For agivenT andτL , relationsin Eq. (19)couldrequire,but not
necessarily, largeER for theoverdampedregimeto beattained.Similar conclusionswere
obtainedby TangandLin who noted[9] thatasmaller∆h̄, ahighertemperatureandlarger
ER “work againsttheoccurrenceof oscillatoryelectrontransferreactions”.Thetheoretical
resultsobtainedin Ref.24werein agoodenoughagreementwith theexperimentalresults
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for solventswith short longitudinalrelaxationtimes(suchaswaterandacetonitrile)and
for reactioncentersin protein,in thelimit of non-adiabaticreactions.

Next, with the new relaxationtimes from Eq. (14), we will consideran application
of our treatmentto the primary electrontransferin a mutantsphotosyntheticreaction
centerof Rhodobacterspheroides, in which tyrosine(M)210 is replacedby tryptophan
((M)Y210W). For theusualexperimentalvaluesof theparameterscharacterisingthereac-
tion centerof photosyntheticbacteria[10,25,30–33],τL � 0 � 09 � : 0 � 2 ps,h̄∆ � 0 � 001 � : 0 � 01
eV andER � 0 � 01 � : 0 � 3 eV (but with larger limits for all of themandspeciallythe last
two). To compareour resultsto thoseof NajbarandTachiya[30], we take ε � 0 � 09 eV
andT � 80 K their paper, andτL � 0 � 1 psandh̄∆ � 0 � 002eV. Theconfidenceparameters
areg � 0 � 13 andVC � 2 � 4 � 10� 5 sothatthetreatmentcouldbeconsidereda reliableone.
With the consideredvalues,we obtainτm � 152 ps for ER � 0 � 084eV; they arein good
accordancewith the experimentaldata[30]. The valueof τm is muchgreaterthanτL so
that, asalso the valueof g predicts,the reactionproceedsin a non-adiabaticor at most
a weakadiabaticregime. In addition, the relaxationregime is an overdampedone,as it
shouldbefor theconsideredJ � ω � , seeFig. 1.

0 20 40 60 80 100 120

-1,0

-0,5

0,0

0,5

1,0

S
z( t

)

t 1011 (s)

Fig. 1. Sz � t � � 2p � t �i� 1 for the mutantsphotosyntheticreactioncenterof Rhodobacter
spheroides((M)Y210W); seethe numericalvaluesin text. Oneobtainsan overdamped
relaxationandSz � ∞ ����� 1, that is, approximatelya unit probability that thereactionwill
occur.

4. Conclusion

Wethink theresults,obtainedherefor reactioncentersandin [24] for ETRin solutions,
couldconstituteargumentsthatsupportthevalidity of theresonancetreatmentto describe
thoseETRthatcouldbeconsideredto beproducedin theweakfriction limit (or equivalent
to this approach,thosewith good enoughconfidenceparameters).We believe that the
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resultsobtaineduntil now aregoodreasonsto hopethat theresonanttreatmentwill result
in goodresultsevenfor weakadiabaticETR by consideringa strongercouplingthanthat
supposedin obtainingEq. (13). Consequently, considerationof thetransversecomponent
of Hcoupl anda non-Markovian approachcouldcontributeto predictaccuratelydynamics
of dissipative two-statesystemsby theresonancetreatment.

Appendix

Let thestatesL andR berepresentedby theHamiltonians

HL � ∑
j

p2
j

2mj � UL j � q j   � UL j � 0  ¡ HR � ∑
j

p2
j

2mj � UR j � q j   � UR j � q0
j   ¡¢� A £ 1 

where: q j is the coordinateof the “ j-th” modein anyoneof the two macroscopicstates,
L or R, UL j � q j   andUR j � q j   arethepotentialsurfacesof thestatesL andR, respectively,
andUL j � 0  andUR j � q0

j   aretheir minima,andq0
j is thedistancebetweenthetwo minima

for “ j-th” mode.If we introducetheprojectionoperators� 1 � σz  ¤ 2 and � 1 ¥ σz  ¤ 2 onthe
two possiblestates(betweenthemthedissipative transitiontakesplace),theHamiltonian
of TSSis written

H � ¥ h̄∆
2

σx � 1
2 � 1 � σz  HL � 1

2 � 1 ¥ σz  HR ¡ � A £ 2 
or

H � ¥ h̄∆
2

σx � ∑
j ¦ p2

j

2mj � UL j � q j   � UL j � 0  � UR j � q j   � UR j � q0
j  

2 §0¨ 1
� ∑

j ¦ UL j � q j   � UL j � 0  ¥ UR j � q j   ¥ UR j � q0
j  

2 §0¨ σz £ � A £ 3 
ComparingEq.(A.3) with Eq. (1), onecanidentify

q0 � 1 ¡ ε � ∑
j

UL j � 0  ¥ UR j � q0
j  

2 ¡ c jx j � UL j � q j   ¥ UR j � q j  
2 ¡©� A £ 4 

sothat,indeed,Eq.(A.2) hasaspin-bosonHamiltonianform. For theheatbathrepresented
by harmonicoscillatorsin thezero-shiftapproximationbetweenthetwo statesof the “ j”
mode,onecanwrite:

UL j � q j  �� mjω2
j q

2
j ¤ 2 ¡ � A £ 5 

UR j � q j  �� mjω2
j � q2

j ¥ q0
j   2 ¤ 2 ¡ � A £ 6 

andc j � mjω2
j q

0
j , andx j � q j ¥ q0

j ¤ 2 (thecorrelationbetweenthe“ j” modeof thespin-
bosonmodelandthe“ j” modeof TSS).
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TEORIJA REZONANCIJA I PRIMJENA NA REAKCIJEELEKTRONSKOG
PRIJENOSAU FOTOSINTETIČKIM REAKCIJSKIM SREDǏSTIMA

Opisuje se podrobno teorija “rezonantnogpostupka” zasnovana na Blochovim jed-
naďzbamaza disipativan sustav s dva stanja,u granici slabogvezanjamikroskopskog
sustava s njegovom okolinom, u okviru “spin-bozon” modela. Uz pretpostavku omske
spektralnefunkcijegustóce,primjenjujesedinamikaprijelaznevjerojatnostiu natkritično-
gušenimuvjetimau slučajuprvotnereakcijeelektronskog prijenosau bakterijskom foto-
sintetǐckomreakcijskomsredǐstu.
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