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Mechanisms of exciton energy transfer in Scheibe aggregates
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In this paper we provide a critical reassessment of the most important physical mechanisms in Langmuir-
Blodgett Scheibe aggregates. Specific issues discussed involve the hierarchy of time and energy scales, esti-
mates of model parameters, and their consequences in terms of physical behavior. In particular, we address the
issue of determining the strength of the exciton-phonon interaction and its effect on the formation and dynam-
ics of a coherent exciton domain.@S1063-651X~99!05004-7#

PACS number~s!: 61.43.Hv
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I. INTRODUCTION

An extremely interesting class of Langmuir-Blodgett th
films that represent compact aggregates of dye molec
composed of chromophores and fatty acids was discov
independently in the late 1930s by Scheibe@1# in Germany
and Jelly@2# in England. These designed molecular mon
layers are, therefore, commonly referred to as either Sch
or J aggregates. What was particularly unusual about th
aggregates was the appearance of a new, very narrow ab
tion band of a longer wavelength than the monomer abs
tion band. Scheibe interpreted this as reversible polymer
tion effects. Subsequently, in the late 1960s and in the 19
it was observed by Kuhn, Mo¨bius, and their associates@3–7#
that when irradiated with uv or visible light, donor fluore
cence in these monolayers was strongly quenched. Sim
neously, an acceptor fluorescence line appeared whose
plitude was almost equal to that of the primary don
spectral line, but its peak was slightly redshifted. This obs
vation was interpreted as giving evidence that the Sche
aggregate acts as a cooperative molecular array which,
absorbing a photon, channels the energy laterally over
tances of up to 1000 Å to a particular energy-accepting m
ecule~an acceptor dye!.

Interestingly, the efficient energy capture and trans
phenomena that characterize the Scheibe aggregates d
pear with the aggregates’ loss of rigidity or regular ord
Somewhat paradoxically, energy capture by acceptor m
ecules becomes more efficient with increasing temperat
Furthermore, optimal efficiency properties are achieved
very low acceptor-to-donor concentrations. For example
ratios on the order of 1:104, over 50% of the light energy is
transferred to acceptor molecules. Because of the ab
properties, Scheibe aggregates have sometimes been c
photon energy funnels.

The importance of Scheibe aggregates lies both in fun
mental and applied aspects of their functioning. Their p
mary application is in photographic and photodetection p
cesses. However, potential applications in the design of s
energy cells as well as in light-operated devices such as
toresistors and photomemory have also been considered@8#.
Furthermore, an understanding of the mechanism of ene
PRE 591063-651X/99/59~4!/4374~10!/$15.00
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transfer in Scheibe aggregates could lead to a better mi
scopic theory of photon absorption in living cells.

The primary motivation for this paper is a critical rea
sessment of the physical mechanisms at play in the en
capture and transfer processess in Scheibe aggregates
objective is to use simple physical arguments in establish
the relative importance of a number of mechanisms involv
For example, extensive studies were undertaken to un
stand aggregates of pseudoisocyanine within the Frenke
citon picture where diagonal disorder in chains with neare
neighbor interactions was implemented@9#. Fidder and co-
workers @10,11# investigated the role of both diagonal an
off-diagonal disorder in the optical properties including t
line shape. Models based on linear exciton interactions w
nearest neighbors in the presence of shallow impurity po
tials were developed@12# and simulations of thermal disor
der effects indicated qualitative agreement with experim
@13#. Another group of researchers emphasized the role
nonlinearity in the efficiency of energy capture and trans
@14–18#. Finally, temperature-dependent superradiant de
and the associated dephasing-induced damping were stu
in @19–22#. We wish to present estimates of energy and ti
scales for excitons, phonons, their mutual interactions,
the heat bath~thermal effects!. Feasibility arguments will be
given for various possible models of transport of the exci
energy in the monolayer. A number of these features w
separately treated throughout the literature on this sub
but, we believe, no single effort has been made to date
order to compare and contrast the several models which
in parallel existence.

II. THE EXCITON MODEL

A typical Scheibe aggregate structure that will be cons
ered in the present paper is a thin film with a brick-lay
arrangement of constituent dye molecules@6,7#. Two types
of structurally similar molecules are being used in the agg
gate:~a! an acceptor molecule~commonly thiacyanine!, and
~b! a donor molecule, most often oxacyanine. Their chem
structural similarity is also seen through only slight diffe
ences in their molecular weights, viz.,Ma51.25310224 kg
and Md51.21310224 kg for the two cases given above
4374 ©1999 The American Physical Society
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PRE 59 4375MECHANISMS OF EXCITON ENERGY TRANSFER IN . . .
which would indicate close resemblance of their lattice d
namics. The dimensions of the brick-layer structure are gi
by a516 Å, b53.0 Å, andc58.0 Å @23#.

As can be seen from the experimental absorption inten
profile @7#, the monomer absorption line is centered
lmono5384 nm, which corresponds to the energy\V
53.23 eV. Thus, we can crudely represent the monomer
two-level system with the second-quantized Hamiltonian
the form

Hmono5\VA†A. ~2.1!

On the other hand, the absorption line of the dimer is c
tered at ldimer5368 nm, corresponding to the energy
Edimer53.37 eV. Assuming that the exciton energy can
transferred between two neighboring molecules via a h
ping mechanism, the simplest second-quantized Hamilton
for the dimer has been postulated as@24#

Hdimer5~\V!~A1
†A11A2

†A2!2J~A1
†A21A2

†A1!, ~2.2!

whereJ is the hopping constant and it should approximat
correspond to the dipole-dipole interaction energy calcula
earlier in the extended dipole model@5#. The indices 1 and 2
label the two neighboring molecules. It is easy to diagona
the Hamiltonian matrix for the dimer and we obtain its e
genvalues as

Edimer5\V6J. ~2.3!

We, therefore, infer thatJ'140 meV, which compares fa
vorably with the extended dipole moment estimate
present next. Unfortunately, at this stage we are unabl
deduce the sign ofJ and consequently predict whether th
ground state is symmetric or antisymmetric. Finally, Gra
Hernandez, and Mukamel@19# used an estimate ofJ
'75 meV, which is close to the range obtained in the
tended dipole model@5#.

In a purely excitonic model with nearest-neighbor co
pling, we have the dispersion relation

E~kW !5\V22(
i 51

4

Ji cos~kW•dW i !

5\V22J1 cos~akx!24J2 cos~akx/2!cos~bky!

22J3 cos~2bky!, ~2.4!

where dW 15(a,0), dW 25(a/2,b), dW 35(0,2b), and dW 45
(2a/2,b). Here J1 and J3 are the horizontal and vertica
coupling constants, respectively, whileJ2 andJ4 are the two
diagonal coupling constants. Due to symmetry we haveJ2
5J4 . The constant term\V is the on-site exciton energy.

Of utmost importance to our understanding of the und
lying physical mechanisms is a reasonably accurate estim
of the coupling constants. This, of course, depends on
mutual orientation of the adjacent molecules. This probl
has been dealt with in this context by Czikkely, Fo¨rsterling,
and Kuhn @4,5#, who proposed an extended dipole mod
With the arrangement given in Fig. 1 they calculated
interaction constant semiclassically via
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J5
q2

e S 1

a1
1

1

a2
2

1

a3
2

1

a4
D , ~2.5!

whereq is an elementary charge,e the dielectric constant o
the medium, and the distancesa1 ,...,a4 are explained in Fig.
1. The values ofq and l were estimated to beq50.22e and
l 58.9 Å @4#. For e'2.5e0 we then find

J15220 meV, J25250 meV, J3552 meV.
~2.6!

For these values the dispersion relation of Eq.~2.4! is shown
in Fig. 2. At kW5(0,0) the energy surfaceE(kW ) exhibits a
saddle point with a negative effective mass along one a
and a positive mass along the other. It is worth noting t
the possibility of a negative effective mass of a Scheibe
gregate has been recently raised by Kirstein and Mo¨hwald
@25#.

The ground state~lowest energy! is located at kW
5(0,p/b) and has a value of

E05\V22J114J222J35\V22.65 eV, ~2.7!

which is given relative to the on-site and deformation en
gies. Expanding in a power series around the ground state
obtain

E~kW !5E01Jxa
2kx

21Jyb
2~ky2p/b!21¯ , ~2.8!

FIG. 1. An arrangement of molecules~a! and extended dipoles
~b! in the extended dipole calculation.
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where the effective coupling constantsJx andJy are given by

Jx5J12J2/2550 meV, Jy54J322J25308 meV.
~2.9!

They are both larger than thermal energy, which at ro
temperature is approximately 26 meV. The effective m
components~around the equilibrium state! may now be
found as

mx5
\2

2a2Jx
52.8310231 kg,

my5
\2

2b2Jy
513310231 kg. ~2.10!

In other words, the effective mass is of the same orde
magnitude in both directions, which may be linked to
nearly circular and fairly isotropic domain of coherence.

III. EXCITON DOMAIN SIZE

In order to estimate the domain size of a collective ex
ton propagating along the molecular lattice we consider fi
a one-dimensional approximation of the aggregate’s Ham
tonian,

H1D5(
n

@\VAn
†An

†2JAn
†~An211An11!#, ~3.1!

where only the nearest neighbors have been included.
exciton Hamiltonian can be diagonalized by recasting it
reciprocal~momentum! variables as

Hex5(
k

\Ṽ~k!Ãk
†Ãk , ~3.2!

where the dispersion formula is in one dimension and incl
ing only the nearest neighbors gives

Ṽ~k!5D22J cosk ~3.3!

while the creators and annihilators are

FIG. 2. Dispersion relations for the exciton energy in t
Scheibe aggregate.
s

f
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Ãk
†5

1

A2p
(

n
e2 iknAn

† ~3.4!

and

Ãk5
1

A2p
(

n
e1 iknAn . ~3.5!

This formulation immediately indicates the presence of o
two characteristic parameters: the hopping constantJ and the
lattice spacingd which defines the maximum momentu
~edge of the Brillouin zone!: k05p/d. For example, it fol-
lows that the characteristic energy for collective excitons
on the order of

Eex52J.0.3 eV ~3.6!

and the characteristic temperature is

Tex5
2J

kB
.3.53103 K. ~3.7!

In the continuum approximation the energy dispersion is
the form

E~k!5Jd2k2, ~3.8!

whered is the lattice spacing. The two-site correlation fun
tion is defined as

G~j!5E
2`

`

A†~x!A~x1j!dx, ~3.9!

whereA(x) andA†(x) are the annihilation and creation op
erators in the site representation. In the Fourier~momentum!
representation we replaceA(x) with a(k) and the corre-
sponding expression is

G~j!5E
2`

`

a†~k!a~k!e2 ikjdk, ~3.10!

the mean occupation number of thekth mode is

^a†~k!a~k!&5K expF2
E~k!

kBT G , ~3.11!

and the normalization constantK is found to be

K5dS J

pkBTD 1/2

. ~3.12!

We insert these equations into the correlation functi
which in turn evaluates to

G~j!5expF2
j2

2jcor
2 G , ~3.13!

with

jcor5dS 2J

kBTD 1/2

. ~3.14!



w

in

o
th
e
i

la
e

la
d

pi

o
ac

0

ito
w
e

l

e
-
ts

in
im-
e of
inty
l

i-
30

ding
w in
rge
ptor

oxi-

ing

ons
ove
s
oxi-
bor-
this
cus
c-
is

al-
ow
ses
the

the
d
that
id

pos-
ti-

an

ibe
lue
ely
er
n of

er

PRE 59 4377MECHANISMS OF EXCITON ENERGY TRANSFER IN . . .
Thus the two-site correlation function is Gaussian and
interpret the widthjcor as the correlation length~or the size
of the coherent domain!.

The two-dimensional analog, domain sizeA, is then ap-
proximately given by the product of the correlation length
the x andy directions, i.e.,

A52ab
AJxJy

kBT
'9.5ab. ~3.15!

This result shows that the exciton size is inversely prop
tional to the absolute temperature, in agreement with
analysis by Mo¨bius and Kuhn@23#, and at room temperatur
covers approximately 10 lattice sites. This latter finding
very important since it can be linked with an empirical re
tionship derived by Mo¨bius and Kuhn, who noted that th
size of the domain of coherence is@23#

Neff5
3000

@T~K!#
. ~3.16!

Approximating Neff at 300 K gives us the above formu
almost exactly. The correlation length may be expresse
terms of effective massmeff as

jcor5
\

AmeffkBT
. ~3.17!

As mentioned earlier, since the effective mass is anisotro
it follows that the exciton domain is oval-shaped.

It is of considerable interest to know the magnitude
meff . Depending on the direction of propagation and the
tual value of J taken, we expectmeff to range between
0.939310231 and 3310230kg, i.e., it is expected to be
very small. For subsequent estimates we assume that 1231

<meff<10230kg.
We shall now discuss the process of launching an exc

domain by a photon as shown in Fig. 3. The first estimate
make in this context is the maximum initial velocity of th
exciton domain. This occurs forU'90°, whereU is the
angle of incidence measured with respect to the norma
the film, and a completely inelastic scattering~absorption! of

FIG. 3. An illustration of the process of the creation of a coh
ent exciton domain by a photon; following@43#.
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electromagnetic radiation. Thenpl5pex, which means that
the maximum velocity of the exciton is

v0
max5

pl

meff
5

h

lnmeff
'13104 m/s, ~3.18!

for l5366 nm@23#. This is very interesting since it is of th
same order of magnitude~but lower! as the average propa
gation velocity of an exciton inferred from the experimen
of Möbius and Kuhn@23#. As a consequence, the exciton
all likelihood is accelerated, probably by the presence of
purity acceptors. The second estimate concerns the siz
the coherent exciton domain. The Heisenberg uncerta
principle DxDp>\ should give us an idea of the minima
spatial extent of the domain. SinceDp(0)'\v/c we easily
find that Dx(0)>500 Å, which corresponds to approx
mately 120 lattice spacings along the brick width and
lattice spacings along its length.

Furthermore, based on Gaussian wave packet sprea
phenomena, one expects this domain of coherence to gro
size over time. The question we wish to pose is, how la
will the domain become when the center reaches an acce
molecule? Taking the acceptor-to-donor ratio of 1:104 leads
to an average distance of 100 lattice spacings or appr
mately 1027 m. Following Möbius and Kuhn@23# we take
the average speed of exciton propagation ofvex52
3104 m/s, which gives the flight time oftflight55 ps. A long-
time approximation for the Gaussian wave packet spread
can be taken as

Dx~t!'
\

Dx~0!meff
t. ~3.19!

This expression assumes the coupling with lattice vibrati
to be negligible. Substituting the numbers discussed ab
gives Dx(tflight)'1027 m, i.e., the size of the domain ha
doubled in each direction and it now covers an area appr
mately equal to the entire space available between neigh
ing acceptors. What we are tempted to conclude from
simple calculation is that a mechanism is needed to fo
this energy and transfer it eventually to a well-localized a
ceptor site. One possible way of causing localization
through an inclusion of nonlinear effects. Another eventu
ity is related to the presence of impurity sites as shall
energy potentials leading to a binding process. Both ca
have been studied in the past and we briefly summarize
latter mechanism below.

Bartnik, Blinowska, and Tuszyn´ski @24# have suggested
that the acceptor eigenenergy lies slightly below that of
donor ~approximately 10%!. Simultaneously they assume
the acceptor hopping constant to be 10–20 % lower than
of the donor. In their simulations a one-dimensional rig
exciton lattice was adopted and the results indicated the
sibility of efficient energy transfer to acceptor sites at op
mal parameter values. Subsequent simulations included
additive white noise in the coupling constantJ that was in-
tended to mimic the role of thermal disorder in the Sche
lattice. Encouragingly, increasing the noise level to a va
corresponding to the standard deviation of approximat
1.5% resulted in an improved capture efficiency. A furth
increase in the noise level caused an eventual destructio

-
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the exciton energy transfer to an acceptor site. This wo
indicate that shallow energy levels of acceptor molecu
may indeed cause the observed effects. A discussion
cerning the role of nonlinearity in the formation and main
nance of a coherent domain will be given in a later section
is worth mentioning here, however, that the nonlinear effe
of exciton localization may indeed be related to impur
trapping and have been investigated in other contexts inc
ing fluorescence of photosynthetic systems on spectrally
ordered lattices@26,27#.

IV. RANDOM WALK MODEL

Having established a basis for the existence of adomain
of coherencewe now turn to the question of its motion to
wards an acceptor molecule. The first input into this disc
sion comes from an estimate of the kinetic energy of
center-of-mass motion of an exciton domain. We find tha

Ekin'
1
2 meffvex

2 '0.1 meV, ~4.1!

assuming after Mo¨bius and Kuhn @23# that vex'2
3104 m/s. This is an exceedingly small amount of ener
For example, thermal energy~for two degrees of freedom!
ranges from approximately 3 to 30 meV for temperatu
between 30 and 300 K, respectively. Hence, unless the
significant effective friction opposing the domain’s motio
it will execute random motion similar to a quasifree gas m
ecule. However, this line of thinking poses further problem
While an estimate of rms velocity of such motion is ve
high, namely,

v rms5A2kBT/meff, ~4.2!

which ranges between 43104 and 23105 m/s forT530 and
300 K, respectively, its interpretation puts this picture
question. If the random walk process is unbiased, the
main’s most probable position is still the original startin
point, i.e., as far from the acceptor molecule as in the be
ning. In order to arrive at a feasible mechanism we sugge
biased random walk picture instead. This would imply t
probability of a step towards the closest acceptor site gi
by q and away from it byp (q.p). Of course, the same
argument would apply to both directions and motion in t
two perpendicular directions would be statistically indepe
dent.

We assume that the exciton moves about on a br
layered lattice as outlined earlier. Each site has eight nea
neighbors as shown in Fig. 4. The exciton domain is
sumed to be circular with the center located at one of
sites and a radiusr. The radius is assumed to be independ
of time and, for the present purpose, we neglect any in
velocity due to momentum transfer from the photon. Furth
more, it is assumed that the exciton momentum during
random walk process is negligible compared to the mom
tum transfer from interactions with the lattice phonons. T
relies on the assumption of large damping and will likely
true at large temperatures.

We then introduce the position vectorslW1 ,...,lW8 corre-
sponding to the eight nearest neigbors given by

lW15~a,0!,
ld
s
n-
-
It
ts

d-
s-

-
e

.

s
is

-
.

o-

-
t a

n

-

-
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-
e
t
l
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e
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lW25~a/2,b!,

lW35~0.2b!,

lW45~2a/2,b!,

and lW552 lW1 , lW652 lW2 , lW752 lW3 , and lW852 lW4 . Here a
and b are the length and width of each brick. The excit
performs a biased random walk across this lattice. Hence
each time stept the motion is characterized by eight trans
tion probabilities,p1 ,...,ps . The probabilityp0 of remaining
at the same site is then determined by the normalization c
dition p01¯1p851. The acceptors may either be distri
uted randomly across the lattice or placed in a regular su
lattice. Each acceptor gives rise to a potential energyUn(r ),
which we assume to be of Coulomb type,

Un~r !5U0

l

r n
. ~4.3!

Here,U0 is the difference in eigenenergy between donor a
acceptor sites,l is an average lattice spacing, andr n is the
distance to the acceptor labeledn. The exciton thus experi-
ences a total potential energy given by

U5U0(
n

l

r n
. ~4.4!

The transition probabilitiespi depend only on two vari-
ables: the energy differenceDUi and the hopping constan
Ji . They must be proportional to the latter and we assume
exponential dependence of the probability on the energy
ference during the step, i.e.,

pi

p0
5aJi exp@2bDUi #, ~4.5!

where a and b are two yet undetermined parameters.
approximate the energy difference we assume that the po
tial energy varies slowly across the lattice, and we theref
obtain

DUi.¹W U• lW i , ~4.6!

where

FIG. 4. The eight nearest neighbors of each site.
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¹W U5U0l(
n

rW n

r n
3 . ~4.7!

Inserting these expressions into Eq.~4.5! gives

pi

p0
5aJi exp@2g fW• lW i #, ~4.8!

whereg5bU0l and

fW5(
n

rW n

r n
3 . ~4.9!

Implementing this procedure, one then finds a net drift
wards a more probable acceptor given by

^x&5N~q2p!d, ~4.10!

whereN is the number of steps, i.e.,N5t/t0 with t0 denot-
ing the average hopping time of approximatelyt053
310214s @6#. Incidentally, the above estimate oft0 corre-
sponds almost exactly to the fluorescence bandwidth of
nm observed in these compact host lattice assemblies@6,23#.
Thus, the average propagation velocity is given by

uex5
^x&
t

5
d

t
~q2p!, ~4.11!

which, with d'53 Å, di516 Å, andt053310214s, indi-
cates a need for a very strong bias along the width of
brick-layer structure in order to reach speeds exceed
104 m/s ~i.e., q'1 andp'0). In the opposite case, propa
gating along the long axis would require a reduction by
factor of 2, which translates intoq5 3

4 andp5 1
4 , so that the

net velocity would be 23104 m/s as argued in@23# on a
different basis.

The biased random walk framework brings us closer
another possible point of view, namely, a unidirectional m
tion towards an acceptor, which could be caused by the
tractive presence of a shallow energy level at the acce
site. Since we established earlier on that the initial exci
velocity cannot exceed 13104 m/s ~average propagation
speed!, this means that the motion should be accelerated
force. Taking the depth of the acceptor level asDE
'0.3 eV and assuming that it is removed by 100 lattice s
from the center of the coherence domain yields an aver
force F̄ of between 0.02 and 0.08 pN. Assuming further th
the domain starts from rest we arrive at an estimate of
average propagation velocity as

v̄'S F̄D l

2meff
D 1/2

'53105 m/s, ~4.12!

which is off by an order of magnitude. However, this for
will be distributed inhomogeneously and friction will slo
the motion down.

We conclude that far away from an impurity site, a sm
domain~i.e., at high temperatures! is likely to execute a ran-
dom walk with a bias that becomes more pronounced c
to an acceptor site. However, high concentrations of acce
sites and low temperature ranges are likely to lead to a
-

9

e
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or
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e
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havior that is far more unidirectional and far less rando
Furthermore, radiative losses are expected to be great
low temperatures, since the domain size is larger.

V. PHONONS

An important aspect that so far has been ignored in
discussion is the effect of lattice vibrations on both the f
mation of a coherent exciton domain~giving it lifetime! and
on its propagation~providing effective friction!. Following
standard texts on solid state theory@28#, the Hamiltonian for
the lattice phonons can be written as

Hph5E \vk~bk
†bk1 1

2 !dk, ~5.1!

where the dispersion relation invk depends on the type o
phonons considered~optical or acoustic, etc.! andbk

† , bk are
the phonon creation and annihilation operators, respectiv

Inoue @8# fitted the tail of the absorption spectrum fo
merocyanine using the Urbach rule@29# and obtained an es
timate of the effective phonon energy as\v530.3 meV.
Spano, Kuklinski, and Mukamel@20# obtained a similar
value of \v529.8 meV for optical phonons in pseudocy
nine. The above estimates show that the phonon energ
roughly an order of magnitude smaller than the average
citon hopping energy and two orders of magnitude sma
than the on-site exciton energy, i.e., we infer that

\v

J
'0.2,

\v

\V
'1022. ~5.2!

The characteristic phonon temperature~the Debye tempera
ture! is

Tph5
\v

kB
'350 K ~5.3!

and the characteristic phonon time scale is

tph'
1

v
'2310214 s, ~5.4!

which is very close to the hopping timet0 , indicating a
strong possibility of coupling between these two types
excitations. The on-site lattice fluctuations are found to b

urms'~0.1 Å!3S T

Tph
D 1/2

, ~5.5!

which is consistent with an analogous discussion prese
in @13#.

The phonon velocity depends both on the type of phon
and on the direction of propagation. For acoustic phonons
find

vph5
\v

\~p/d!
.~0.6– 2.5!3104 m/s, ~5.6!

which is quite comparable to the average exciton veloc
indicating a strong possibility of coupling between these t
types of excitations. Finally, the effective phonon mass is
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mph.
\tph

d2 .10229– 10230 kg ~5.7!

depending on the direction of propagation, i.e., one to t
orders of magnitude greater than the effective exciton m

VI. EXCITON-PHONON COUPLING

The root cause of exciton-phonon coupling is the dista
dependence of the excitonic parametersV andJ. As a con-
sequence, the simplest way an interaction energy of this
can be written is

H int5x1(
n

~un112un21!An
†An1x2(

n
~un112un!

3~An11
† An1An

†An11!. ~6.1!

It has recently been shown@30# that these two coupling
terms~proportional tox1 andx2) tend to inhibit each othe
and their combined effect may be conveniently represen
by the single dimensionless parameter

a5
x12x2

2JAMkBTph

. ~6.2!

A preliminary estimate of the magnitudes ofx1 andx2 indi-
cates thatx1'100 pN @31# andx2'J/(3d)'40 pN. It will
be useful to convert these values into energy units so
define

xeff5~x12x2!d, ~6.3!

and obtain an estimate ofxeff as 16–60 meV depending o
the direction.

Inoue@8# concluded that the exciton-phonon coupling a
plies to a two-dimensional case and inferred from the exp
ments for merocyanine that its strength is approximat
given byxeff'29 meV. Spano, Kuklinski, and Mukamel@20#
estimatedxeff'26 meV, which is quite consistent with it.

The total Hamiltonian for the aggregate can, therefore
written as

H5Hex1Hph1Hex-ph

5(
n

@\VAn
†An2J~An

†An111An11
† An!#

1(
n

F pn
2

2M
1

1

2
K~un2un11!2G

1x1(
n

@An
†An~un112un21!#

1x2(
n

@~An
†An111An11

† An!~un112un!#, ~6.4!

which can be compactly recast into its momentum repres
tation as
o
s.

e

pe

d

e

-
i-
y

e

n-

H5(
k

@\Vkak
†ak1\vk~bk

†bk1 1
2 !#

1(
k,l

xeff~k!~bk
†1b2k!ak1 l

† al . ~6.5!

The dynamics of the combined system is determined by
two parameters:a, which was introduced earlier, andb
5Tex/Tph @30#. Depending on the values ofa and b one
finds four possible regimes:~a! a,1 and b,1, ~b! a,1
and b.1, ~c! a.1 andb,1, and ~d! a.1 andb.1. It
appears that we are dealing here withb@1 anda!1, which
leads to the breakdown of the adiabatic approximation. T
maximum velocity of localized excitonic soliton wave pac
ets is bounded by the sound velocity. This causes a co
ence dephasing of the exciton whose rate is proportionalJ
@30#.

Furthermore, the significant presence of exciton-phon
coupling introduces nonlinearity into the problem. There e
ist two standard approaches to treat this difficulty:~a! for
weak nonlinearities adopt a perturbative scheme, which
be done fully quantum mechanically, and~b! for sufficiently
strong nonlinearities the above method fails and one so
the problem semiclasically by incorporating nonlinear ter
in the classical equations of motion in the continuum lim
Below, we discuss the importance of nonlinearity in the d
namics of Scheibe aggregates.

VII. THE ROLE OF NONLINEARITY

The equations of motion for the displacement variableun
and the exciton amplitudeAn can be readily found from the
full exciton-phonon Hamiltonian as

Mün5k~un1122un1un21!1x1~An11
† An112An21

† An21!

2x2~An
†An211An21

† An2An11
† An2An

†An11! ~7.1!

and

i\Ȧn5@\V1x1~un112un21!#An

1@J1x2~un112un!#An11

1@J1x2~un2un21!#An21 . ~7.2!

The continuum limit consists of two approximation
First, the Taylor expansions for the two variables are tru
cated at the second order terms, i.e.,

un11.u~x!6d
]u

]x
1

d2

2

]2u

]x2 1¯ ~7.3!

and

An61.d1/2S A~x!6d
]A

]x
1

d2

2

]2A

]x2 1¯ D . ~7.4!

Second, the sums overn appearing in the Hamiltonian ar
replaced with integrals according to

(
n

.
1

d E dx. ~7.5!
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As a result, the following coupled equations of motion a
found in the continuum limit:

]2u

]t2 2v0
2 ]2u

]x2 5
2d

r
~x12x2!

]

]x
uAu2

1
d3

r F ~x12x2!

18

]3~ uAu2!

]x3 1x2

]

]x S U]A

]xU
2D G
~7.6!

and

i\
]A

]t
5S ~\V22J!12d~x12x2!

]u

]xDA2d2\J
]2A

]x2

1d3F ~x12x2!

3

]3u

]x3 A2x2

]

]x S ]u

]x

]A

]x D G , ~7.7!

wherer5M /d is the linear mass density,uAu25A†A implies
a classical approximation, and the third order terms are u
ally ignored.

A recent paper@32# discussed three possible regimes
behavior in the one-dimensional approach to the excit
phonon coupled systems described above. Depending o
values of the two parametersg5\vph/J and g
5uxu2/(2\vphJ), the three regimes found correspond to~a!
delocalized, almost free exciton~region I!, ~b! the small po-
laron limit ~region III!, and~c! the self-trapped exciton stat
~region II!. Figure 5 demonstrates the location of these
gimes on the parameter plane.

Admittedly, the Scheibe agregate is a two-dimensio
system and a straightforward application of these results
be misleading. Nevertheless, we have evaluated the rang
parametersg andg based on the estimates arrived at earli
i.e.,

FIG. 5. The three regimes of behavior for one-dimensio
exciton-phonon systems; following@32#.
u-

f
-

the

-

l
ay
of
,

\vph'30 meV, ~7.8!

50 meV<J<150 meV, ~7.9!

25 meV<xeff<100 meV. ~7.10!

This results in 0.2<g<0.6 and 0.07<g<3.3, which is still
inconclusive but the largest area covered favors either a
exciton or a small polaron picture, at least in the quasi-o
dimensional picture. This is somewhat reassuring in light
what was argued earlier in the paper. The rather large siz
the domain of coherence and a relatively weak excit
phonon coupling emphasized in our paper are suggestive
nearly free exciton drifting to an impurity site under therm
noise with a possible role of nonlinearity in preventing t
wave packet from spreading.

There have been a number of studies that focused on
role of nonlinearity in more realistic two-dimensional mode
~but still in the continuum approximation!. One such nonlin-
ear model was proposed by Huth, Gutmann, and Vitie
@14#. The model was derived by treating the phonons cla
cally and subsequently eliminating them via an adiabatic
proximation which, in view of this paper’s findings, is no
entirely justified. In the continuum limit, Huth, Gutmann
and Vitiello @14# derived a two-dimensional cubic nonlinea
Schrödinger equation@33–35#, where the energy transfe
takes place through solitonlike ring waves. The dynamics
described by collapsing ring waves and the collapse time
associated with the effective exciton lifetime@15,16#. Bang
and co-workers@17,18# further showed that the effect of tem
perature is to increase the collapse time and decrease
coherence time, which seems to be in contradiction with
perimental data@21,36–39#. More recent investigations
@40,41,31# involving the formation and propagation of non
linear localized coherent structures in two dimensions
cluded the presence of Gaussian impurity potentials du
acceptor molecules. Their results are much better correl
with experimental observations. However, what appears
be needed in a future study of nonlinear effects in tw
dimensional lattices is the introduction of a negative effe
tive mass along one of the two directions of propagati
which might be how an exciton domain is originally create
It appears that in a hyperbolic version of the tw
dimensional nonlinear Schro¨dinger equation~which would
correspond to such a scenario!, the effect of a negative sig
nature in the two-dimensional Laplacian is to increase
stability of a solitary wave, which takes the form of a brig
soliton along one direction and a dark soliton along the ot
direction@42#. Recenty, Christiansenet al. @43# initiated such
a study for a 2D nonlinear Schro¨dinger model with disper-
sive dipole-dipole interactions but encountered cumberso
instabilities of the solutions.

One effect that has not yet been discussed in the pre
work is the role of radiative losses. It is believed that
exciton domain of coherence radiates its energy at a rate
is proportional to its size, i.e.,

krad5Neff ns21. ~7.11!

Mukamel and his collaborators@19,20# proposed a model to
incorporate radiative losses via the incorporation of
imaginary term in the exciton-phonon Hamiltonian. As a r

l
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sult, these authors found that the effective size of a cohe
exciton domain,Neff , is proportional to this imaginary par
of the exciton-phonon Hamiltonian and hence increasing
absolute temperatureT causes the size of the domain,Neff , to
decrease in proportion toT. This, in turn, decreases the ra
diative decay, causing an elongation of the lifetime, in agr
ment with experimental results.

VIII. CONCLUSIONS

In this paper we have been concerned with a numbe
physical mechanisms that are at play in the processes o
ergy capture and transfer in Scheibe aggregates. It was
gued based on fundamental principles of quantum mecha
that the photon energy harvested by a monolayer must
essarily be highly delocalized when it is initially absorbed
donor molecules. The thus created domain of exciton co
ence is then subjected to a number of influences. The m
effects can be summarized as follows:~a! quantum decoher
ence due to wave packet spreading—this may possibly
arrested by nonlinearity,~b! thermalization which affects the
size of the domain—the exciton coupling with phonons a
pears to conform to the semiempirical formulaNeff
5(3000 K)/T, and ~c! the attractive influence of accepto
molecules@44#. The latter effect is perhaps the least stud
and merits careful examination.

We may, therefore, conclude that there exist several c
peting processes with their own time scales and it is impe
tive to determine which of these processes are dominant
der the conditions of various impurity concentrations. W
will attempt a summary by including the following pro
cesses.

~a! Unidirectional propagation of a domain of coherenc
It is governed by center-of-mass motion and its ch
acteristic time scale is given by the time of flight

tflight5
D l

vex
, ~8.1!

whereD l is the mean donor-to-acceptor distance a
vex will be assumed on the order of 23104 m/s.

~b! Radiative decay: Its characteristic time scale is giv
by the size of the domain of coherence and we ad
the formula@23,20#

trad'~1 ns!
T

3000 K
. ~8.2!

~c! Exciton-phonon interactions: assuming a weak c
pling, and hence the absence of soliton formation, le
to the lifetime formula of an exciton given by@40#

tex-ph5
2\J

x2~2n̄11!
, ~8.3!

where

n̄5
1

exp~Tph/T!21
~8.4!

is the mean occupation number for phonons. It is a
well known thattex-ph is inversely proportional to the
width of an absorption line.
nt
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n
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~d! Diffusion processes: For high concentrations of acc
tors and high temperature ranges, diffusive propaga
of an exciton domain may compete with the above p
cesses. The characteristic time scale is determined
the mean diffusion time

tdiff5
~D l !2

D
, ~8.5!

whereD5vex
2 tex-ph.

In Table I we have summarized the results of our rou
estimates for the four different time scales at two tempe
turesT530 and 300 K as well as two concentration valu
Nd :Na5102 and 104. The idea is to find out which mecha
nisms dominate the picture in each of the four regimes
control parameter values~high/low temperature and high/low
acceptor concentrations!.

Based on Table I the following can be concluded. Fir
exciton-phonon interactions lead to a rapid thermalizat
process of the exciton domain. Depending on the strengt
the coupling we then deal with a ‘‘dressed-up’’ collectiv
exciton structure. Phonons are not expected to determine
capture process at an acceptor site. Second, diffusive pr
gation of the exciton domain is very unlikely to play a maj
role, except possibly at very high concentrations of accep
molecules. Depending on the actual parameter values, e
radiative losses or the speed of unidirectional propaga
towards an acceptor will determine the fate of an exci
domain. It would now appear that at low acceptor concen
tions the most important effect is the radiative loss proce
which limits the probability of exciton energy capture. How
ever, at high acceptor concentrations exciton propagation
locity is sufficiently high to reach an acceptor molecule b
fore any excessive energy loss has occurred@45#.

In summary, we wish to emphasize that the processe
exciton energy capture and transfer via Scheibe aggreg
may be more complex and multifaceted than any hithe
proposed model has emulated. Work on a fuller tw
dimensional description of the processes is underway.
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TABLE I. A summary of characteristic time estimates.

Nd /Na T ~K! tflight ~s! t rad ~s! tex-ph ~s! tdiff ~s!

102 30 10212 10211 10213 0.6310211

102 300 2310212 10210 5310214 4310211

104 30 10210 10211 10213 431028

104 300 2310210 10210 5310214 431027
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