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Potential surfaces and delocalization of excitons in dimers
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In the present work we will demonstrate that the nuclear dynamics have a strong influence on the
delocalization of an exciton in a dimer, even if they do not effect the excitonic interaction. It will be
shown that the internal nuclear conformation of the molecules forming the dimer depends critically
on the delocalization of the exciton state in the dimer and vice versa. The resulting closed loop
enforces a localization of the lower excitonic state, but, contrary to the commonly accepted view, a
delocalization of the upper one. Qualitatively different time-evolution of the delocalization length
for the lower and upper excitonic state will be shown. Besides, it will turn out that the nuclear
motions inhibit a complete delocalization of the excitonic state in any case. To accomplish nuclear
and exciton dynamics, the nonadiabatic coupling between the two excitonic states will be deduced.
This causes a relaxation from the upper to the lower excitonic state, which limits the maximum
reachable exciton delocalization. @02 American Institute of Physics.
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I. INTRODUCTION laxation in LH2 has been reported by a number of
authors'®33The low temperature long wavelength spectral
Electronic excited states of interacting molecular sysfeatures of transient absorption measurements of LH2 have
tems has been an active research area since early work lpgen assigned to the red stimulated emission indicating po-
Frenkel' The concept of collective delocalized excitations, laron formation in these systerfs3®Very recently the same
excitons, was developed. Phenomena like Davydov splittingnterpretation was given to explain the low temperature se-
in molecular crystalé, motional narrowing in molecular lectively excited fluorescence spectra of LEf2.
aggregate$;® superradiant decay in molecular aggregétes,  In order to describe simultaneously different stages of
and photosynthetic light-harvesting antenna systerts,  exciton dynamics we have recently developed a méthod
name a few, have been explained by using the excitomased on nuclear dynamics for explicit vibrational modes
theory. Particularly the excitons in antenna systems has beemmbined with the surface hopping approdthin this
recently in the focus of active reseaftBuch issues as ex- method the complete dynamic process from dephasing and
citon relaxatior, *? excitation delocalization versus exciton relaxation to polaron formatiofelf-trapping, and
localization**~*®and the resulting spectroscopic signattifes eventually diffusion of the polaron can be described. This
has been addressed. approach seems to be appropriate for application on excitoni-
Already Frenkel recognized the important role of thecally coupled systems of arbitrary size, from the simple
nuclear motions in the concept of excitdhnBirst of all, even  dimer to the extended photosynthetic antenna complexes
a weak coupling of the electronic and nuclear degrees ofnentioned above. Even the excitonic dynamics of the sim-
freedom causes dephasing and population relaxation amormgest possible system, the molecular dimer, are of interest.
exciton levelgcf. Ref. 18. For strong electron—phonon cou- There exist a large variety of dimeric molecular systems
pling, further phenomena like self-trapping of the exciton,from interacting pair of guest molecules in a molecular
also called polaron formation, occtir:?! Various theoretical mixed crystai® to dimeric pigment complexes in biological
approaches addressing different aspects of exciton dynamisystems like a so called B820 antenna complex from purple
in antenna systems have recently appeared. For exampleacteri4’ and a special pair of the photosynthetic reaction
Redfield relaxation theory, has been applied using modetente*! Excited states and their dynamics in molecular
function$?~?*as well as experimental d&tdor the spectral dimers has been studied experimentally and theoretically by
density to describe exciton relaxation and corresponding exaumerous author® 8 The list of references can be signifi-
perimental observables in different antenna systemsst&io  cantly longer here.
transfer theor$??’ has been extended to account for the  Based on the previous work of Witkowski and Moffitt,
transfer to delocalized states with very weak collective tranfulton and Gouterman demonstrated the mathematical treat-
sition dipole moments, which still can have a significantment of the vibronic and excitonic coupling in a homodimer
Coulombic interaction with the donor if one goes beyondwith one vibrational mode per monon®@They applied the
point—dipole approactf?® Theoretical studies have also ad- symmetry of the problem to solve the quantum mechanical
dressed the issue of polaron formation in photosynthetic ligheigenvalue problem for the vibrations and determine stick
harvesting®®! Particularly, for the peripheral light harvest- spectré® for the corresponding vibrational progressions. For
ing antenna(LH2) of purple bacteria all above processesthe same problenthomodimey Hayashiet al** determined
have been identified; for a review, see Ref. 32. Exciton rethe adiabatic potential surfaces, explicitly. In the present
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work we will extend these calculations qf potential surfaces min (R (R) _
to the more general case of the heterodimer, where the tran-  71Jij =233 = for i#]j. ()
sition energies of the two molecular sites are different. Fur- 4 4
thermore, different from the pervious works, we will use alf the intermolecular distandg;; is very small, one has to go
quantum-classical approach to describe the nuclear motion #i® a description of the Coulomb interaction beyond the
a dissipative surrounding by a Langevin equafibi? Our  dipole—dipole ansat? and probably also to include the ex-
aim is to correlate the nuclear motion on the potential surchange interaction term. This can be easily done in our ap-
faces to the exciton delocalization, which is of relevance forproach by a proper choice of the excitonic interaction matrix
absorption, fluorescence, and energy transfer in molecul@lementJ;; . In what follows, we assume that the excitonic
aggregates. Thereby it will arise that contrary to the com-<oupling 72J;; does not depend on the vibrational modes.
monly accepted view the nuclear dynamics can result in a€ombining the off-diagonal matrix elements);; with the
increase of the delocalization for the upper exciton state. Thdiagonal matrix elementsi;; represented by the potential
time evolution of the delocalization will be demonstrated forsurfacedJ (- --q;- - ) of the excited sit¢ andU g , (- Q- * )
the two exciton states separately as well as for the case iffior those sites in the ground state, the one-exciton Hamil-
cluding the nonadiabatic coupling between them, which retonian in site representation is
sults in exciton relaxation. 1

Finally we vyll_l give two_ examples from phqtosynthetlc Hij=%| wegit+ EZ wqu_ w;d;q; | 8+ A (1— ).
antennas containing dimeric chlorophyll subunits. K

4
Here, we have sdil;=0. The diagonalization of the Hamil-
Il. POTENTIAL SURFACES tonianHj; results in the eigen-energies of collective excited

_ _ o states—the excitons. For the case of a dimer, with different
According to the Born—Oppenheimer approximation thegjie energiesvy and e but the same vibrational mode

electronic motion has been separated from the nuclear MGrequenciesw and origin shiftsd, the two eigen-energies of
tion. For the single molecule the electronic stai@sresult the excitons yield as

from solving the stationary Schdmger equation, which also
yields the electronic eigenenergi€s,(---Ry--). Both, the
states and the eigen-energies depend parametrically on the
nuclear coordinate®, . This dependence defines the adia- S— Sy
batic potential surface) ,(---Ry--) of electronic statéu). V(@G +A)%+0) ®)

For sake of SlmpIICIty we will model the molecular elec- using the normalized dimensionless Coordinﬂ?g q] /d,

tronic system as a two-level system with a ground sf@te the dimensionless excitonic interaction parameter
and an excited state). For the ground state potential surface 23
12
.

~ ho o5 o
U.(G1,02) =fiwegt Td (41+d2-6:— 02

the minimum energy nuclear configuration Fﬁo’ and the _ Y12 6)
displacementR,— R(") have been transformed to dimen- wd?
sionless normal coordinatey:. Neglecting anharmonicity 4 the dimensionless parametefor the site energy mis-
terms one obtains the adiabatic potential surface of the elegs5ich given as
tronic ground state as
1 A= wegz_wegl. @)
Ug("‘Q§“‘):Uo+§2§ ﬁngé ) wd?

] ] The exciton-energied - (4,d,) represent two-dimensional
where "’5(0)'5 the oscillator mode frequency antdly  hotential surfaces for the nuclear motion in the dimer with
=Ug(: Ry ++) the minimum energy. For further simplifi- espect to the two explicit intramolecular modes. The physi-
cation we will assume that the excited state potential surfacgg) meaning of the two parametersand A becomes clear
is given by the shifted ground state potential surface as  gnce one recognizes the denominaterd? as the Stokes

1 shift, which represents the coupling energy between the elec-
Ue(*++Qz ) =Ugthiwegt 52 hwg(qz—2d:0,), (20 tronic and vibrational degrees of freedom.
¢ First we search for the stationary pointsninima,

whered, represents the origin-shift and,, the electronic maxima and saddle-point®f the potential surface. Since
transition frequency for the nuclear configuratioR,  U.(G;,G,) depends on the suiy +Ts, like a harmonic po-
=R, i.e. allq,=0. We will limit the number of explicit ~tential centered at
intramolecular modes to one per monomer sife=() in BATo—1 ®)
what follows. Thus the ground state potential surface dim92= L
Ugy(a1.92) for a dimer is simply a paraboloid centered atthe stationary points can only occur on the antidiagonal
(91,92)=(0,0). given by Eq.(8). The dependence &f - (G,,7,) on the dif-

For the excited states of the dimer we have to take intderence of the explicit coordinat&s —T is not trivial. The
account the excitonic interaction between the transition dinumber of stationary points depends critically on the inter-
poles u; , usually described in the point—dipole approxima-action parameter as well as the site energy parametern
tion as Fig. 1 we have plotted the-dependence of the stationary
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For the potential surfac¥ , (G4,G5), which belongs to
the upper exciton, only one single stationary point exists for
all choices of the parametetsand A (see Figs. 3 and)4
This means that one obtains always a minimum. &Aot0 it
is shifted to values ofj,—T;>0, i.e., the direction away
from the global minimum of the lower exciton potential sur-
face(cf. Fig. 2. This is very important for the delocalization
and localization of the excitons, as one will see below. In the
limit v, A—0, the potential surface for the upper exciton
state|+) is formed by the truncated upper parts of two inter-
secting paraboloids, resulting in biconical isoenergetic con-
tours[see Fig. 4f)]. The intersection-line given b¥j; =7,
represents a sharp notch, and is coincident to the sharp ridge
on the lower exciton potential surfagef. Fig. 2f)].

Ill. DELOCALIZATION

4,— 4, For an excitonically coupled dimer the upper and lower
one-exciton statelt) and|—), respectively, are represented

FIG. 1. Positions of the stationary points on the lower potential surfaceoy a superposition of the excited states of the $n¢8nd|2>
U_(G1,9G,) on the antidiagondij; +G,=1 given in dependency on the co- as

ordinate difference§,—T; and the critical interaction parameterfor sev-
eral site energy parameter valués=0 (solid line), A=0.1 (dashed ling |=)=c1-|1)+Cp-|2) (10
A=0.5 (dotted ling, andA =1 (dotted—dashed lineThe thick lines repre- -/ 2=l

sent minima, the thin lines represent saddle-points. The arrows illustrate thg/here the coefficients;.. are components of the eigenvec-
method described in the text to find the stationary pointwfel0.5 andA tors of the excitonic Ha_miltonian They are given as

=0.1.
(Cl+ 1 ((ﬁz—ﬁﬁA)i Vo2 + (T~ TG, +4)?

. . ) Co+ JN. v
points of the lower exciton potential surfate (G,,q,) for - (11
several positive site energy parametardn order to obtain )
the positions of the stationary points, one has to choose tH&°"malized by
horizgntal Iine(horizont.al arrows in Fig. lwhich represents N. =02+ (=T +A) = o2+ (G-, +A)2)2 (12
the given value of the interaction parameterThen one has

to search for the intersections with the line that represents t ¢ the di oni | di & b
given site energy mismatch, e.g., the dashed line Zor ©f the dimensionless normal coordinatgs-T, but not on

—0.125. Together with the condition that all extrema have td'® SUMd: +T,. This means that the character of the exciton
lie on the lined;+G,=1, see above, the obtained values can be only changed by nuclear motions perpendicular to the

T,:—10, (vertical arrows$ give one the stationary points in the diagonal of the Q1_’q2), plane, given byql:qz' we wil
(G1,8,) plane. The first intersection point from the left rep- define the delocalization length of the excittn by the

resents a minimuntthick line), the second, provided three MVETse participation rafd as
intersections exist, a saddle-poifhin line), and the third a

Hgll coefficientsc,.. andc,. depend only on the difference

-1_
second minimunithick line). L. —; lcj|*. (13
If the parameters fulfill the equation
For the dimer the delocalization length of the one-exciton
1)2/3+ A2/3: 1, (9)

states can be expressed as

one obtains only two stationary points. In this case the StaL+(E]1 Ty)

tionary point belonging to the second intersection in Fig. 1~ '

represents a flat-point since first and second derivativg of 20%(Go— T+ A= Vo2 + (To—T1+A)2)? 14

in §,—0, become zero. The special case1l andA=0 = ~ — :

which represents the critical homodimieee Fig. 23)] re- 0+ (G- Tt A= o™+ (@ =1 +4))*

sults in a single minimum &}, =G,=0.5, which is also a flat The delocalization length for both one-exciton states are
point. ForA+0 [e.g., in Fig. 2h)] the minimum and the flat equal and depends only ¢@,—T,|/v. In Fig. 5 the lines of
point do not coincide. In all supercritical cases, i.e.,#8F  constant delocalization length. are shown on thety; ,d5)
+A?*>1[e.g., in Figs. ), 2(c), and Ze)] one obtains only plane for the homodimer, i.eA=0, in the critical case

one single minimum, but no flat point. For the subcritical =1. One can see that full delocalization is reached along the
cases, i.e.p??+ A?2<1, however, one obtains two minima diagonal§;=0,, where L. (d;,d,)=2. At increasingd,
[see Figs. &), 2(f) and 2g)]. They are only forA=0 [see  —T,, the delocalization length decreases towards an
Fig. 2(d)] symmetrical with respect to the diagor@+G, asymptotic value ofL. (q,,G,)=1 for |G, —Tyo|—>. The
=1. ForA>0 there exists always only one global minimum, critical parametew is only scaling the dependency of the
while the other minimum is metastable. delocalization length on the distanf@ —T,|. Forv>1 the
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FIG. 2. The lower exciton potential surfaces (4,,9,) (panels a—hfor several combinations of the parameterand A displayed in the central diagram,
where the shaded area assigns the subcritical cases #fthA2°< 1. Isocontours for each 0.6%d? up to% wd? above the minimum are not shown. Darker
shading means lower value.

delocalization ridge is broader, while fox<1 it is narrower (i) For the lower exciton state the delocalization length
than in the critical case. Far— 0, this means the vibrational will always decrease when approaching the global minimum
coupling is much stronger than the excitonic, one obtaingsee Fig. 6. For A<y <1, which means the subcritical case
L.(44,92) =1 for all points in the §,,G,) plane except of of nearly a homodimer, one obtains a significant loss of de-
the lineq,=1,, whereL - (4;,d,) jumps abruptly to a value localization. In this case, the initial nuclear conformation
of 2. In the limit v—c one obtaind . (G,,G,)—2 for all  corresponds to an almost fully delocalized exciton state.
points in the §4,G,) plane, meaning an ubiquitous delocal- However, the global minimum of the potential surface,
ization of the exciton. For the case of the heterodimer, i.ewhich the nuclear configuration moves to, corresponds to a
A+#0, the maximum valué . =2 is reached for the diagonal nearly localized exciton, as mentioned above. Especially, in
T1+0,=—A. ForA>0 this means a shift of all contours in the extreme casd =0 (homodimey andv—0 (vanishing
Fig. 5 to the left upper corner, fak<0 to the right bottom excitonic coupling the initial total delocalization of the ex-
corner. Despite this shift, the slopelof (G;,7,) is the same citon will be destroyed completely, i.AL _ = —1. For other
as in Fig. 5. values of the parametetsand A the loss of delocalization

If one compares the value of the delocalization lengthlength is smaller. On the one hand, in the supercritical case
L-(q4,0,) at the global minimum of the one-exciton poten- v>1>A (homodimerlikg, for both, the initial and final
tial surfaces with that at the ground state minimum(0,0)  nuclear configuration, the distance to the diagonal given by
one can state: T1=T, is too similar to cause significantly different delocal-
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f i d2
i, Heommg 3 B+UL (o) (19

'
t
HE where thep; represent the normalized dimensionless nuclear
| momenta, quantum-mechanically given as
s 0
vl 104 s
Vo PTG

. It has to be noted that the Hamiltonian for the nuclear motion
\ in general will not be diagonal in the exciton representation,

: \ since the operatoEJ-T)j2 may not be diagonal in this repre-

Y sentationsee below. For the time being, we will neglect the

| ' ‘\ off-diagonal matrix elementd , _ . This means use the adia-

‘ batic approximation. The effects resulting from the off-

l \ A - diagonal matrix elementsl . _, consequently called nona-

1 diabatic couplings, will be discussed subsequently.
W4 For the quantum-classical description of the nuclear mo-

tion on the potential surface..(---G;---), one can use the
FIG. 3. Positions of the stationary poifminimum) on the upper potential ~quantum-statistical expectation values of the coordingtes
surfaceU, (G41,G,) on the antidiagondij, +T,=1 given in dependency on

and the moment@; . Their time evolutions are ruled by the

the coordinate differencef,—q, and the critical interaction parameter canonical equations given as
For further explanation see text and Fig. 1.

g 1 oH.. 1

&t _hdz a’pi _wpi7 ( 7)
ization lengths. On the other hand, in the supercritical case
A>1>y (extreme heterodimgrthere exists no initial delo- Wi 1 oH.. o (0T) 18)
calization to be lost. ot hd? G, L M2/

(ii) For the upper exciton state the delocalization IengthT .
. . C . The second canonical
will always increase, as shown in Fig. 7. The reason for thi

behavior is that the single minimum of the upper potential
surface lies always between the diagonal givengbyq,
and the line of maximum delocalization length givendy
=T, +A. The reason for the smaller gain of delocalization in -5 = = >
the casev>A is that the initial state has nearly the maxi- V(@ -8+ 4) o

mum delocalization length , =2. ForA>v andA>1 the andF. (G;,7,), analogously. It is the second term in Eq.
smaller gains in delocalization results from the fact that thg19), which is specific for the one-exciton statés,) and

excitonic interaction is not able to compensate the site en—). It can give rise to both localization and delocalization of
ergy mismatch.

the exciton. Depending on its sign it can amplify or compen-
sate the generally delocalizing first term in Ed9). Espe-
cially, if it overcompensates the first term this will result in

the subcritical cases where two minima occur on the poten-
In the previous section, we have studied the delocalizalid! surface. Due to the sign of the second term in &4),

tion of an one-exciton state in the relaxed nuclear configurathis ¢a@n happen only for the lower exciton state), as
tion. Here we will demonstrate, how the system moves fronPOWN in Fig. 2.

the initial to the final nuclear conformation. Furthermore, we 10 describe the nuclear motion in terms of the explicit
will show the fluctuating nuclear dynamics around the mini-co0rdinatedj; including a dissipative bath of modes as sur-

mum of the potential surfaces, particularly the zero-point@unding, one can use the Langevin equatibmhich is
motion. These fluctuations are of great importance influenc9'VeNn as

ing the effective delocalization length. In the subcritical case ;25 o 74,

for the lower exciton they can cause transitions of the nuclear e oF . (TG, =— Yo + ofi(t). (20
configuration from one minimum of the potential surface to

the other. To take thermal as well as zero-point motion intoThe left-hand side of Eq20) represents the canonical equa-
account, we will use a quantum-classical description of thdion for the explicit mode as given in Eq&l7) and (18),
nuclear motion on the potential surface. This approach isncluding the forces resulting from excitonic polaron forma-
easier to handle than the nuclear wave-packet propagatidion, as given in Eq.19). The right-hand side represents

and sufficient for dissipative quantum systems based on haadditional forces resulting from the interaction between the
monic oscillator potentialg>254

equation defines the forces
+i(T1,9,) as the negative gradient of the potential surface
U.(---Gj---). For the one-exciton states these are given as

1

- - 0] Go—01+A
F+,1(CI1,Q2):‘U(§_Q1 *

(19

IV. NUCLEAR DYNAMICS

explicit modes with the surrounding thermalized bath. The
In dimensionless normal coordinaf@sthe Hamiltonian  first term on the right-hand side, containing the parameter
for the nuclear motion is given as

gives a damping of the explicit mode motion by friction, the
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FIG. 4. The upper exciton potential surfadés (G, ,q,) for several combinations of the parameterand A displayed in the central diagram. For the sake
of comparison the critical line?*+ A?3=1 is indicated. For further explanations see text and Fig. 2.

second term represents fluctuating forces. Without the fluewe use normalized dimensionless momejgae Eq.(16)].
tuating forcesf(t), the damping term in Eq20) results in  Therefore the fluctuating forcds scale withd 1.
nuclear motion towards one of the minima of the potential  Because of the fluctuating forcégt) the nuclear con-
surface. However, the fluctuating forcégt), cannot be formation @;,d,) moves like a Brownian particle on the
switched off, since they are an expression of the microscopipotential surface. Consequently ti@e)localization of the
thermodynamical kinetics. According to the dissipation fluc-exciton is now a statistical quantity. Using the distribution
tuation theorert>® the variances of the fluctuating forces, N. (d;,5,;t), which gives the probability to find a nuclear
given as(ff), are connected with the damping by conformation §4,G,) at timet, the effective delocalization
length is given by

2 2 1
(=200 = 22 (o1 3. @

L= [ [ L@ (@ 000, (22
where 7 represents the bath correlation time. The Bose—

Einstein distributionn(w,T) and the summand take into In order to determine the time evolution of the effective
account the thermal and zero-point energy, respectively. Thdelocalization lengthL .. «(t) we have performed Monte
latter means that even far— 0 K the fluctuating forces will ~ Carlo simulations of 400 000 trajectories. In Fig. 8, choosing
result in a nuclear zero-point motion. It has to be noted thaa displacement ofl=2 and considering only the zero-point
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FIG. 5. Delocalizations length . (§,,q,) plotted over the §,,q,)-plane
for the critical case of the homodimer=1. Contours are displayed in steps
of AL.(G1,0,)=0.1. The shading becomes darker for lower values of

L.(G1,8,). The maximum valué . (G,,9,) =2 is reached along the diag-
onal§,=7,, the minimumL . (G;,G,) =1 is asymptotic fofT,—T,|— <.

FIG. 7. Increase of the delocalization lendth (G, ,q,) for the upper exci-
ton state by polaron formation, frofalL , =0 (white) until AL , = 0.5 (dark-
est shading in dependence of the interaction paramaieand the site
energy parametek.

motions (T—0 K) the final distributionsN_(q,q,;t—) izes with time, as expecte@f. Fig. 6. In the case of the
are displayed for the lower exciton state. As one can see, theomodimer(a, b, d the initial delocalization length is lower
contours follow those of the corresponding potential surfacéhan two due to the finite width of the initial distribution
(cf. Fig. 2. For sections parallel to the diagof@l=T,, the  N_(¢;,9,:;0). For supercritical homodimersa, b, where
slope of the distribution is a Gaussian as one can expect faghe excitonic coupling is stronger than the electron—vibration
the ground state of a harmonic oscillator potential. The noise€oupling @=1), the delocalization length does not change a
in the distributions reflects the fluctuations of the motion. lot. A localization occurs only because the final distribution

The time evolution of the effective delocalization lengthsN_(T,,T,;%) is broader than the initiaN_(d,,d,;0) for
L. of the lower exciton are shown in Fig. 9 for the param-d> 1.
eter sets used in Figs. 2 and 8. The tiniepresented in units For the subcritical homodime(d) as well as for het-
of the inverse vibrational frequeney *. The exciton local- erodimers with moderate site energy mismafchh) the lo-
calization of the exciton with time is much more significant,
since here the whole distributiod _(q,,q,;t) drifts away
from the line of maximum delocalization, towards the poten-
tial surface minima. If both, excitonic coupling and site en-
ergy mismatch are greater than the electron—vibration cou-
pling (e) the delocalization length starts already at a low
value, i.e., the exciton is localized all the time. In the oppo-
site casev=A—0 (f; not shown in Fig. 9, the effective
delocalization lengths is trivially¢_ =1, since the area for
L_(§1,92)>1 is infinitesimally small.

The time evolution of the effective delocalization lengths
for the upper exciton statel (4,) are shown in Fig. 10.
Contrary to the commonly accepted view that dynamic dis-
order leads to a localization of the excitation, here the delo-
calization length increases, particularly for the heterodimers
(c, e, h. This means that the nuclear dynamigk/namic
disordej can compensate the localization effect of the site
energy mismatclistatic disordex:

Last but not least, in Fig. 11 the temperature dependence
of Lgg_(t) for two different homodimersX=0) is shown.
f6. 6. D  the delocalization | o T for the | The differences between the supercriti€al and the sub-
e LT ST % critical (@) case can be explained by the broadening of the

(black), in dependence of the interaction parameteand the site energy peaks) of th? respective diStributionB_l_,('ql,'qz;t) if the
parameterh. temperature increases. In the supercritical ¢ase broader
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FIG. 8. Final distributiondN_(q4,7,) for the lower energetic exciton for several combinations of parametarslA at temperaturd — 0. The distributions
are normalized to their maximum value(filack). For further explanation, see text and Fig. 2.

peak centered af0.5, 0, 5 results in a smaller effective calization length will always decrease with temperature,
delocalization length, as one can imagine by mapping théhough in a lower degree in the subcritical than in the super-
distribution N_(G4,G,;t) on the delocalization function critical case.

L_(§4,9,) (cf. panel b in Fig. 8 with Fig. b In the subcriti-
cal case, the final distributiol_(G,,d,;%) contains two
peaks, approximately centered @t 0 and (0, 1). If these
become broader, they will fill the area between them where In the previous section we have described the nuclear
the delocalization length is close to the maximum value twomotion on the two-dimensional adiabatic potential surfaces,
(cf. panel d in Fig. 8 with Fig. b Therefore the temperature and the effect of these dynamics on the delocalization. One
dependence of the final effective delocalization length ishas to consider, however, that the one-exciton state may not
weaker in the subcritical case than in the supercritical case@emain on the initial potential surface. A switching between
Especially, in a certain range of temperatures the final delothe upper and lower potential surface may occur and is of
calization may even increase with temperature. One can segeat interest for the polaron formation process. This switch-
that for T=0.5% w/k (dashed curve d in Fig. 1lhe final ing is caused by nonadiabatic terms of the excitonic Hamil-
effective delocalization length is slightly larger than for  tonian.

=0K (solid line. For higher temperature$T > 1% w/k; Due to Egs(10) and(11) it is obvious that not only the
dashed—dotted curves,chowever, the final effective delo- electronic energies represented by the potential surfaces

V. NONADIABATIC COUPLING
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FIG. 9. Time evolution of the effective delocalization lendth;_ in the FIG. 11. Time evolution of the effective delocalization lengtly_ of the
overdamped casey= 2w for disp|acementd= \/g and temperaturer lower excitonic Stat¢*> for temperature§ =0 (Solid), 0.5 w/k (dashedg,
—0 K. The parameter sets (A) are the saméa—h as used in Figs. 2 and fw/k (dotted, 2%w/k (dashed—dottgd and #4iw/k (dashed-dotted—
8, respectively. The timeis given in units ofw 2. dotted. For parameter set®,d) and time scale, see Fig. 9.

U-(G1,d,) but also the exciton statds) themselves de- T 5 1

pend on the normal coordinat@s andd,. Therefore one kiﬂisz [Hi["6| Us—Usz+ iﬁ“’

has to consider that the representation of the Hamiltokian

in the adiabatic basi§+), |—)} does not only consist of the 2 o C

diagonal matrix elementsi..=U.(q;,G,), but contains X 12 (p, —d p,) dp,dp;. (24)

. . . 1=
also off-diagonal matrix elements given as ) ) )
where p; and p; represents thenonscaled, dimensionless

final and the initial nuclear momenta, respectively. The delta

—|hw2 c|+ f?ﬁ ~P; (23)  function in Eq.(24) means that after the hopping the excess
! potential energyJ . —U + has to be taken by kinetic energy

of the nuclear motion. The change of the nuclear momenta,

and represent the nonadiabatic coupling between the excitqr, o is parallel to the nonadiabatic coupling vec®?i.e.,

states|+) and|—). Since they depend on the nuclear mo-
mentap; , they cannot be included in a conservative poten- , ac; _

tial, but are connected with such phenomena as energy relax- Pi pj“Ei Ci+ﬁj- (29

ation and internal conversion. The mixing of the adiabatic

exciton states by nonadiabatic couplings _ can be con- For a dimer this means that the momentum change happens
sidered as stochastic instantaneous jumps of the system frolf the direction(1, —1). Thus after hopping from the upper
one potential surface to the other. The rate of this surfacé the lower exciton state théscaled, dimensionlessno-
hopping k. .. is related to the non-adiabatic coupling menta will rise fromp, , to Py , as

|H, _|? via Fermi’s Golden Rule, o —— -
5 _PitP2 Pi—P2 \/ 402+ (G, =Ty +A)
o2 T2 (P1=P2)?
2.0 (26)
b At low temperatures one needs only the surface hopping rate
18l E for the jump from the upper to the lower exciton state given
= = 2
1.64 W v[P2— P4l )
ki ,_=—7 - 2
L. ) T2 0@, 8, A @
1.4 This hopping rate depends on the critical interaction param-
eterv, momentun,—P;, and the relevant nuclear coordi-
12, nateq,;—q,+ A, the latter both parallel to the antidiagonal
' given by 8. One can see that the r&te . increases for
approaching to a nuclear configuration wh&e-G,=A

1.0 7 : - - " For v—0 one obtains a singularity there. However, in the

casev=0 one should describe the motion by two diabatic
FIG. 10. Time evolution of the effective delocalization lengify, for the _harmon_m pptentlal surfaces, one for each of the non-
upper excitonic statgt). Parameters and time scale as in Fig. 9. Interacting sites.

(=]
~

o))

[«
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2.0 metry of the exciton state how many sites participate in the
excitonic states in average. Generally it cannot be directly
measured. Various other quantities have been suggested to
characterize the extent of exciton delocalization. The com-
parison of them is not always straightforwafdFor ex-

161 ample, the superradiant enhancemiegtdepends beside on
Le,,i the extent of delocalization also on the orientations and val-
1.4 ues of the transition dipoles of the dimer and the population
of the excitonic states. Only in special cases, for example a
12 dimer with equal transition dipoles in head-to-tail conforma-
' tion and only the lower exciton state populated, the superra-
diant enhancemeritg(t) directly measures the delocaliza-
1.0 - - - - y tion dynamics, e.g., in time resolved fluorescence
0 2 4 4 6 8 10 .
experiments.
FIG. 12. Time evolution of the effective delocalization length(t) for a Our simulations predict that after excitation from the
surface hopping system initially prepared in the upper excitonic $tgte  ground-statghere assumed to be &pulse the lower exci-
Parameters and time scale as in Fig. 9. ton state is localizing in any case, while the upper one can be

delocalizing in the subsequent time evolution by the nuclear
dynamics. Including the nonadiabatic coupling between the
potential surfaces, by using the surface hopping metfiod,
. . N we have shown that after exciting the upper exciton the de-
exciton state performing a surface hopping is shown for th(?ocalization length is first increasing according to the

sets(a—h of the parameters andA as used in Fig. 4. One exciton-delocalizing tendency of the nuclear dynamics on the
can see that initially the delocalization length rises due to the X 9 y ardy
pper potential surface, and later decreasing due to the relax-

generally delocalizing forces in the upper exciton state agh i .
mentioned above. After a while the system has jumped to ghglion to the lower exciton potential surface, where the

lower exciton state, and localization takes effect. For the hetr-1UCIear dynamics gives rise to exciton localization. Thereby,

71 . . - . _
erodimers(c, e, h the final effective delocalization length a 30 cmi™ mode would resuit in excitotdelocalization dy

(cf. Fig. 9 has been reached significantly later than for theh@MmIcs on a p|coseco'nd time scale. .
Finally we would like to relate our theoretical results to

comparable homodimer&, b, d. The reason is that the ; -
nuclear system first searches for the minimum on the uppe‘? few examples from real life. The B820 subunit of the

potential surface, which is situated in a position apart fromPurple bacteria}_)l7core antenna LHLis a dimer of bacteriochlo-
the diagonalT,—t,+A=0. Therefore the hopping rate rophyll (BChl).”>" The excitonic coupling in B820 has been
k, . is smaller than for =0, where minimum of the up- estimated to be around 230 ¢/ In order to evaluate the

per exciton potential surface and maximum of the hoppingelectron—wbratmn coupling we take a closer look at low tem-

rate coincide. Furthermore. after the hopping to the lowePerature fluorescence site selection studies of B859In
- 7 . l 2 .
exciton state in the heterodimer cage4 0) the nuclear sys- these studies the Huang—Rhys fackr 7d° was estimated

tem needs to follow a longer track to reach the final mini-1© b€ 0.5, i.e.d~1. For the phonon frequenay we take the

mum potential surface which is diametrically situated to the?V€'39¢ of the phonon function, which is about 150-200
and results in an interaction parametet 2.5. If one

minimum of the upper exciton potential surface. For the®™ ! i
critical case(h) with v=0.5 andA~0.225 the latter effect elates the site energy parameterto the variance of the
may be more important than the delayed hopping. transition-energy differences between the two BChls of the

dimeric subunit, one obtainA~0.5. This combination of
parameters and A is located above the cases b ancct
Fig. 2) and corresponds clearly to a supercritical case with
In the present work the dynamics of the delocalization ofonly one minimum on the lower potential surface. Conse-
excitons for the homo- as well as heterodimers with onegquently the excitons in the B820 subunit can be described as
vibrational degree of freedom per monomer have been studdimost delocalized.
ied. The minima of the adiabatic potential surface, which  As another example, we take the light harvesting com-
have been determined in the usual Wkias been mapped to plex two (LHCII) of green plants. There exists no clear
the delocalization length described as the inverse participadimeric system in LHCII. Nevertheless, the structure sug-
tion ratio. Instead of solving the nuclear eigenvaluegests that several pairs of chlorophyll molecul€él-a and
problem?*%* we have simulated the nuclear motion on theChl-b) are close togethé&f. For the sites, assigned as Chl-a2
potential surfaces by using a quantum-classical approactand Chl-b2, one could estimate a distance of about 10 A. For
The resulting distribution of classical trajectories is compa-a nearly in-line geometry of the transition dipoles, a exci-
rable to the nuclear wave packet dynamics on a single paonic coupling between Chl-a2 and Chl-b2 was
tential surface in a dissipative surroundig?This distribu-  calculateG"%?to values between 120 and 180 chnAt least
tion enables one to calculate an effective delocalizationthe site Chl-a2 has been identified to be involved in
length L«(t). This quantity is a good theoretical measure offluorescenc&® Therefore from fluorescence site selection
the delocalization, since it shows independently of the symmeasurement$ of LHCII the relevant Huang—Rhys factor

In Fig. 12 the time evolution of the effective delocaliza-
tion lengthL . (t) of a dimer initially prepared in the upper

VI. CONCLUDING DISCUSSION
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