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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 domaif51063-651X99)05004-7

PACS numbd(ps): 61.43.Hv

[. INTRODUCTION transfer in Scheibe aggregates could lead to a better micro-
scopic theory of photon absorption in living cells.

An extremely interesting class of Langmuir-Blodgett thin ~ The primary motivation for this paper is a critical reas-
films that represent compact aggregates of dye moleculeggssment of the physical mechanisms at play in the energy
composed of chromophores and fatty acids was discovereggpture and transfer processess in Scheibe aggregates. Our
independently in the late 1930s by Sche[h_¢|n Germany ObjeCtive is to use Simple phySical arguments in eStainShing
and Jelly[2] in England. These designed molecular mono-the relative importance of a number of mechanisms involved.
layers are, therefore, commonly referred to as either Scheieor example, extensive studies were undertaken to under-
or J aggregates. What was particularly unusual about thesgtand aggregates of pseudoisocyanine within the Frenkel ex-
aggregates was the appearance ofa new, very narrow absoﬁiton piCtUre where diagonal disorder in chains with nearest-
tion band of a longer wavelength than the monomer absorpl€ighbor interactions was implementgd]. Fidder and co-
tion band. Scheibe interpreted this as reversible polymerizavorkers[10,1]] investigated the role of both diagonal and
tion effects. Subsequently, in the late 1960s and in the 19708/f-diagonal disorder in the optical properties including the
it was observed by Kuhn, Mius, and their associaté3—7] line shape. Models based on linear exciton interactions with
that when irradiated with uv or visible light, donor fluores- Nearest neighbors in the presence of shallow impurity poten-
cence in these monolayers was strongly quenched. Simultéials were developefl2] and simulations of thermal disor-
neous'y, an acceptor fluorescence line appeared whose aﬁ'ﬁr effects indicated qualitative agreement with eXperiment
plitude was almost equal to that of the primary donor[13]. Another group of researchers emphasized the role of
spectral line, but its peak was slightly redshifted. This obserhonlinearity in the efficiency of energy capture and transfer
vation was interpreted as giving evidence that the Scheibkl4—18. Finally, temperature-dependent superradiant decay
aggregate acts as a cooperative molecular array which, aft@fd the associated dephasing-induced damping were studied
absorbing a photon, channels the energy laterally over didh [19—23. We wish to present estimates of energy and time
tances of up to 1000 A to a particular energy-accepting molscales for excitons, phonons, their mutual interactions, and
ecule(an acceptor dye the heat batlithermal effects Feasibility arguments will be

Interestingly, the efficient energy capture and transfe@iven for various possible models of transport of the exciton
phenomena that characterize the Scheibe aggregates dis@nergy in the monolayer. A number of these features were
pear with the aggregates’ loss of rigidity or regular order.Separately treated throughout the literature on this subject
Somewha‘[ paradoxica”y' energy Capture by acceptor mo'but, we believe, no Single effort has been made to date in
ecules becomes more efficient with increasing temperaturérder to compare and contrast the several models which are
Furthermore, optimal efficiency properties are achieved fofn parallel existence.
very low acceptor-to-donor concentrations. For example, at
ratios on the order of 1: 0 over 50% of the light energy is
transferred to acceptor molecules. Because of the above
properties, Scheibe aggregates have sometimes been calledA typical Scheibe aggregate structure that will be consid-
photon energy funnels. ered in the present paper is a thin film with a brick-layer

The importance of Scheibe aggregates lies both in fundaarrangement of constituent dye moleculés7]. Two types
mental and applied aspects of their functioning. Their pri-of structurally similar molecules are being used in the aggre-
mary application is in photographic and photodetection progate:(a) an acceptor moleculeommonly thiacyaning and
cesses. However, potential applications in the design of soldb) a donor molecule, most often oxacyanine. Their chemical
energy cells as well as in light-operated devices such as phastructural similarity is also seen through only slight differ-
toresistors and photomemory have also been considéted ences in their molecular weights, viM,=1.25<10 2% kg
Furthermore, an understanding of the mechanism of energgnd My=1.21x 10" 2* kg for the two cases given above,
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which would indicate close resemblance of their lattice dy- (@)
namics. The dimensions of the brick-layer structure are given
by a=16A, b=3.0A, andc=8.0A [23].
As can be seen from the experimental absorption intensity
profile [7], the monomer absorption line is centered at
Amon=384 nm, which corresponds to the energy)
=3.23eV. Thus, we can crudely represent the monomer as a
two-level system with the second-quantized Hamiltonian of
the form

+€

Hmon=1QATA. (2.2

On the other hand, the absorption line of the dimer is cen-
tered at Agme—=368 nm, corresponding to the energy of

Egimer=3-37 €V. Assuming that the exciton energy can be
transferred between two neighboring molecules via a hop-
ping mechanism, the simplest second-quantized Hamiltonian
for the dimer has been postulated[ad] i A S| E—— —

Haimer= (AQ) (ATA1+ALA) —J(AA+AJA)), (2.2 o e s s s e

whered is the hopping constant and it should approximately NS WSS NN NS M SR
correspond to the dipole-dipole interaction energy calculated e L e e
earlier in the extended dipole modél|. The indices 1 and 2

label the two neighboring molecules. It is easy to diagonalize 0 0 s s
+>—CH= H—CH=
QoD QoD

the Hamiltonian matrix for the dimer and we obtain its ei-
genvalues as CigHgz CigHgr CigHaz CigHay
donor acceptor
Edimer:ﬁQiJ- (23)

FIG. 1. An arrangement of moleculés) and extended dipoles
We, therefore, infer tha~140 meV, which compares fa- (b) in the extended dipole calculation.
vorably with the extended dipole moment estimate we
present next. Unfortunately, at this stage we are unable to q°
deduce the sign of and consequently predict whether the J= -
ground state is symmetric or antisymmetric. Finally, Grad,

iernandez, r‘?,n?] .Murameﬂlg]h used an be;tim(jatg %ﬂ whereq is an elementary charge the dielectric constant of
~75meV, which is close to the range obtained in the €Xhg mediym, and the distances, ...,a, are explained in Fig.

tended dipole mod_e[lS]_. . . 1. The values ofy andl were estimated to bg=0.22 and
In a purely excitonic model with nearest-neighbor CoU-|_g g A [4]. For e~2.5¢, we then find

pling, we have the dispersion relation
4 J1=—20 meV, J,=—-50 meV, J3;=52 meV.
E(k)=4Q—2, J;cogk-d)) 2.6
i=1

1 1 1 1
+ 1
a; a, az au

(2.5

For these values the dispersion relation of &) is shown

=hQ—2J; coqak,) —4J, cogak,/2)cog bk,) in Fig. 2. At k=(0,0) the energy surfacE(k) exhibits a
—2J;cog2bk,), (2.4) saddle poi_n_t with a negative effective mass along one axis
and a positive mass along the other. It is worth noting that
the possibility of a negative effective mass of a Scheibe ag-

where d,=(a,0), d;=(a/2p), ds=(0,2), and ds=  gregate has been recently raised by Kirstein anchwaid
(—a/2b). Here J; and J; are the horizontal and vertical [25].

coupling constants, respectively, whilg andJ, are the two
diagonal coupling constants. Due to symmetry we haye
=J,. The constant terni(} is the on-site exciton energy.
Of utmost importance to our understanding of the under-
lying physical mechanisms is a reasonably accurate estimate

of the coupling constants. This, of course, depends on the

mutual orientation of the adjacent molecules. This problerﬁN_hICh IS given re_'a“"e to the on-site and deformation ener-
has been dealt with in this context by Czikkely r&erling, gies. Expanding in a power series around the ground state we

and Kuhn[4,5], who proposed an extended dipole model.Obtain
With the arrangement given in Fig. 1 they calculated the R o 2 ) 5
interaction constant semiclassically via E(k)=Eq+Ja’ky+ /b (ky—m/b)*+---, (2.9

The ground state(lowest energy is located atk
=(0,7/b) and has a value of

Eo=fiQl—2J,+4),—2J,=:iQ—2.65 eV, (2.7
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- 1 _
Al=—=2 e iknal (3.9
27 n
and
A 1 +ikn
AﬁE; etiknp . (3.5

This formulation immediately indicates the presence of only
two characteristic parameters: the hopping constamtd the
lattice spacingd which defines the maximum momentum
(edge of the Brillouin zone ko= 7r/d. For example, it fol-
lows that the characteristic energy for collective excitons is
on the order of

FIG. 2. Dispersion relations for the exciton energy in the Ee,=2J=0.3 eV (3.6
Scheibe aggregate.
and the characteristic temperature is

where the effective coupling constadtsandJ, are given by

3,=3,-3,12=50 meV, J,=4J;—2J,=308 meV. Tex= g =3-5% 10° K. 3.7
(2.9

. In the continuum approximation the energy dispersion is of
They are both larger than thermal energy, which at roompue form

temperature is approximately 26 meV. The effective mass
components(around the equilibrium statemay now be E(k)=Jd?k?, (3.8
found as

whered is the lattice spacing. The two-site correlation func-

hZ . . .
mXZZa 5 —2.8x10°3 kg, tion is defined as
X
52 F(é)Zf AT(X)A(x+ &)dx, 3.9
- = - 31 —w
my_2b2Jy 13%x10 kg. (2.10

whereA(x) andA'(x) are the annihilation and creation op-
In other words, the effective mass is of the same order ofrators in the site representation. In the Foufieomentum
magnitude in both directions, which may be linked to arepresentation we replac&(x) with a(k) and the corre-
nearly circular and fairly isotropic domain of coherence.  sponding expression is

IIl. EXCITON DOMAIN SIZE r(&)= F at(k)a(k)e *édk, (3.10

In order to estimate the domain size of a collective exci-

ton propagating along the molecular lattice we consider firsthe mean occupation number of thtéh mode is
a one-dimensional approximation of the aggregate’s Hamil-

tonian, " E(k)
(a'(k)a(k))=K exg — —=|, (3.1)
kgT
tat t
= - 1t . . .
Hio ; [AQAA I A An-1t Ani )], (3D and the normalization constakitis found to be
where only the nearest neighbors have been included. This Ked J \¥2 a1
exciton Hamiltonian can be diagonalized by recasting it in o\ ke T (3.1

reciprocal(momentum variables as
We insert these equations into the correlation function,

Hexzz ﬁﬁ(k)'z\%k, (3.2 which in turn evaluates to
K

§2
where the dispersion formula is in one dimension and includ- I'(6)= exp{ - fgm} (.13
ing only the nearest neighbors gives
~ with
Q(k)=D—2J cosk (3.3

2] 1/2
) (3.19

while the creators and annihilators are §w':d(kB_T
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electromagnetic radiation. Thgm = pex, Which means that
the maximum velocity of the exciton is

h
= ~1x10* m/s,

max__ Pa _
Mesr N ,Megt

Uo

(3.18

for =366 nm[23]. This is very interesting since it is of the
same order of magnituddout lowep as the average propa-
gation velocity of an exciton inferred from the experiments
of Mobius and Kuhr{23]. As a consequence, the exciton in
all likelihood is accelerated, probably by the presence of im-
purity acceptors. The second estimate concerns the size of
the coherent exciton domain. The Heisenberg uncertainty
principle AxAp=# should give us an idea of the minimal
spatial extent of the domain. Sinagp(0)~#A w/c we easily

FIG. 3. An illustration of the process of the creation of a coher-ﬁnd that AX(O)>5OOA which corresponds to approxi-

ent exciton domain by a photon; followirig3].

mately 120 lattice spacings along the brick width and 30
lattice spacings along its length.

Thus the two-site correlation function is Gaussian and wWe Erthermore. based on Gaussian wave packet spreading

interpret the widthé.,, as the correlation lengtfor the size
of the coherent domajn
The two-dimensional analog, domain siaeis then ap-

phenomena, one expects this domain of coherence to grow in
size over time. The question we wish to pose is, how large
will the domain become when the center reaches an acceptor

proximately given by the product of the correlation length in y,qjecule? Taking the acceptor-to-donor ratio of 1 lfads

the x andy directions, i.e.,

NAN

A=2ab T ~9.5ab. (3.15

to an average distance of 100 lattice spacings or approxi-
mately 10’ m. Following Mdbius and Kuhn[23] we take
the average speed of exciton propagation wf=2
X 10* m/s, which gives the flight time Ofjight=5 PS. A long-
time approximation for the Gaussian wave packet spreading

This result shows that the exciton size is inversely proporcan be taken as
tional to the absolute temperature, in agreement with the

analysis by Mbius and Kuhr{23], and at room temperature

covers approximately 10 lattice sites. This latter finding is

very important since it can be linked with an empirical rela-

tionship derived by Mbius and Kuhn, who noted that the This expression assumes the coupling with lattice vibrations

AX(T)“mT. (319)

size of the domain of coherence[i&3]

3000

Neﬁ:m. (316)

to be negligible. Substituting the numbers discussed above
gives Ax(rﬂight)wloqm, i.e., the size of the domain has

doubled in each direction and it now covers an area approxi-
mately equal to the entire space available between neighbor-
ing acceptors. What we are tempted to conclude from this

Approxima’[ing Neff at 300 K gives us the above formula Simple calculation is that a mechanism is needed to focus
almost exactly. The correlation length may be expressed ifhis energy and transfer it eventually to a well-localized ac-

terms of effective massi; as

h
(3.17

ceptor site. One possible way of causing localization is
through an inclusion of nonlinear effects. Another eventual-
ity is related to the presence of impurity sites as shallow
energy potentials leading to a binding process. Both cases
have been studied in the past and we briefly summarize the

o= T——=-
O megkeT
latter mechanism below.

As mentioned earlier, since the effective mass is anisotropic, Bartnik, Blinowska, and Tuszki [24] have suggested
it follows that the exciton domain is oval-shaped. that the acceptor eigenenergy lies slightly below that of the
It is of considerable interest to know the magnitude ofdonor (approximately 10% Simultaneously they assumed
Mgk . Depending on the direction of propagation and the acthe acceptor hopping constant to be 10—-20 % lower than that
tual value ofJ taken, we expecing to range between of the donor. In their simulations a one-dimensional rigid
0.9x9x107 3! and 3x10 3%kg, i.e., it is expected to be exciton lattice was adopted and the results indicated the pos-
very small. For subsequent estimates we assume that' 10 sibility of efficient energy transfer to acceptor sites at opti-
<mgy=10"‘kg. mal parameter values. Subsequent simulations included an
We shall now discuss the process of launching an excitomdditive white noise in the coupling constahthat was in-
domain by a photon as shown in Fig. 3. The first estimate weéended to mimic the role of thermal disorder in the Scheibe
make in this context is the maximum initial velocity of the lattice. Encouragingly, increasing the noise level to a value
exciton domain. This occurs foD~90°, where© is the corresponding to the standard deviation of approximately
angle of incidence measured with respect to the normal td4.5% resulted in an improved capture efficiency. A further
the film, and a completely inelastic scatterif@psorptionof  increase in the noise level caused an eventual destruction of



4378 J. A TUSZYNSKI, M. F. JGRGENSEN, AND D. MB®IUS PRE 59

the exciton energy transfer to an acceptor site. This would
indicate that shallow energy levels of acceptor molecules @
may indeed cause the observed effects. A discussion con-

cerning the role of nonlinearity in the formation and mainte-
nance of a coherent domain will be given in a later section. It
is worth mentioning here, however, that the nonlinear effects @ @
of exciton localization may indeed be related to impurity

trapping and have been investigated in other contexts includ-
ing fluorescence of photosynthetic systems on spectrally dis-
ordered lattice$26,27). @

IV. RANDOM WALK MODEL

Having established a basis for the existence dbenain FIG. 4. The eight nearest neighbors of each site.

of coherencenve now turn to the question of its motion to-

wards an acceptor molecule. The first input into this discus- r2=(a/2,b),
sion comes from an estimate of the kinetic energy of the
center-of-mass motion of an exciton domain. We find that [5=(0.2b)
3 . ’
Exn~ sMev2~0.1 meV, 4.2 R
-2 el ex [,=(—al2b),

assuming after Moius and Kuhn [23] that ve~2 R . . R _ R

X 10* m/s. This is an exceedingly small amount of energy.and Is=—1,, lg=—1,, [;=—13, andlg=—1,. Herea

For example, thermal energjor two degrees of freedom andb are the length and width of each brick. The exciton

ranges from approximately 3 to 30 meV for temperaturegperforms a biased random walk across this lattice. Hence, at

between 30 and 300 K, respectively. Hence, unless there msach time step the motion is characterized by eight transi-

significant effective friction opposing the domain’s motion, tion probabilitiesp,...,ps. The probabilityp, of remaining

it will execute random motion similar to a quasifree gas mol-at the same site is then determined by the normalization con-

ecule. However, this line of thinking poses further problemsdition py+---+pg=1. The acceptors may either be distrib-

While an estimate of rms velocity of such motion is very uted randomly across the lattice or placed in a regular super-

high, namely, lattice. Each acceptor gives rise to a potential enéiggr),
which we assume to be of Coulomb type,

Urms= V2Kg T/ Mgt 4.2
I
which ranges between>410* and 2x 10° m/s for T= 30 and U,(r)= Uor_' 4.3
300 K, respectively, its interpretation puts this picture in n

q“?SF'O”- If the random Wf"‘.lk Process 1s unplgsed, the_ doHere,U(J is the difference in eigenenergy between donor and
main’s most probable position is still the original starting

point, i.e., as far from the acceptor molecule as in the begingcceptor sites, is an average lattice spacing, aryis the

) . . . distance to the acceptor labeladThe exciton thus experi-
ning. In order to arrive at a feasible mechanism we suggest

biased random walk picture instead. This would imply the nces a total potential energy given by
probability of a step towards the closest acceptor site given

by q and away from it byp (q>p). Of course, the same UzuoE l (4.4
argument would apply to both directions and motion in the n In

two perpendicular directions would be statistically indepen-

dent. The transition probabilitiep; depend only on two vari-

We assume that the exciton moves about on a brickables: the energy differenckU; and the hopping constant
layered lattice as outlined earlier. Each site has eight nearedt. They must be proportional to the latter and we assume an
neighbors as shown in Fig. 4. The exciton domain is as€xponential dependence of the probability on the energy dif-
sumed to be circular with the center located at one of thderence during the step, i.e.,
sites and a radius The radius is assumed to be independent
of time and, for the present purpose, we neglect any initial Pi
velocity due to momentum transfer from the photon. Further- p_0 = aJiexd =AU, 4.9
more, it is assumed that the exciton momentum during the
random walk process is negligible compared to the momenwhere « and 8 are two yet undetermined parameters. To
tum transfer from interactions with the lattice phonons. Thisapproximate the energy difference we assume that the poten-
relies on the assumption of large damping and will likely betial energy varies slowly across the lattice, and we therefore

true at large temperatures. obtain
We then introduce the position vectoF§,...,r8 corre- L
sponding to the eight nearest neigbors given by AU;=VU-I;, (4.6

1=(a,0), where
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. n havior that is far more unidirectional and far less random.
VU=U(l X Pl (4.7 Furthermore, radiative losses are expected to be greater at
non low temperatures, since the domain size is larger.
Inserting these expressions into E4.5) gives
V. PHONONS
&zaji exd — yf- ri], 4.9 An important aspect that so far has been ignored in our
Po discussion is the effect of lattice vibrations on both the for-

mation of a coherent exciton domaigiving it lifetime) and

on its propagatior{providing effective friction. Following

standard texts on solid state thedBg], the Hamiltonian for
(4.9 the lattice phonons can be written as

wherey=BUgl and

-
=}

f=>

n

—
5 W

Implementing this procedure, one then finds a net drift to- thzf ﬁwk(blkar%)dk, (5.7

wards a more probable acceptor given by
_ _ where the dispersion relation i, depends on the type of
()=N(a-p)d, (4.10 phonons considere@ptical or acoustic, et):andbl, b, are

whereN is the number of steps, i.e\=t/7, with 7, denot- the phonon creation and annihilation operators, respectively.
ing the average hopping tirﬁe of approximatety=3 Inoue [8] fitted the tail of the absorption spectrum for
%1045 [6]. Incidentally, the above estimate of corre- merocyanine using the Urbach ry29] and obtained an es-

sponds almost exactly to the fluorescence bandwidth of 8—gmate of the effective phonon energy &s=30.3meV.

nm observed in these compact host lattice assemi@ligg]. ~ >Pano, Kuklinski, and Mukame]20] obtained a similar
Thus, the average propagation velocity is given by value ofiw=29.8 meV for optical phonons in pseudocya-
nine. The above estimates show that the phonon energy is

(x) d roughly an order of magnitude smaller than the average ex-
U= = 7(A=P), (4.1)  citon hopping energy and two orders of magnitude smaller
than the on-site exciton energy, i.e., we infer that

which, withd, =3 A, d,=16 A, and7,=3x10"*s, indi-

cates a need for a very strong bias along the width of the —~02, —~102 (5.2

bgfk-layer structure in order to reach speeds exceeding J

10" m/s (i.e., g=1 andp=0). In the opposite case, propa- .

gating along the long axis would require a reduction by aThe (_:haractenstlc phonon temperatiiee Debye tempera-

factor of 2, which translates intp=3 andp=73, so that the ture) is

net velocity would be X10*m/s as argued if23] on a ho

different basis. Tphzk—”350 K (5.3
The biased random walk framework brings us closer to B

another possible point of view, namely, a unidirectional mo- nd the characteristic phonon time scale is

tion towards an acceptor, which could be caused by the af P

tractive presence of a shallow energy level at the acceptor 1

site. Since we established earlier on that the initial exciton T~ —=~2X10" 1 s, (5.9

velocity cannot exceed X 10*m/s (average propagation w

speed, this means that the motion should be accelerated by a, . , . . . S
force. Taking the depth of the acceptor level AE which is very close to the hopping time,, indicating a

~0.3 eV and assuming that it is removed by 100 lattice site strong possibility of coupling between these two types of

s T ®xcitations. The on-site lattice fluctuations are found to be
from the center of the coherence domain yields an averagé

force F of between 0.02 and 0.08 pN. Assuming further that
the domain starts from rest we arrive at an estimate of the Urms=(0.1 A)X
average propagation velocity as

1/2

, (5.9

Ton

which is consistent with an analogous discussion presented
in [13].

The phonon velocity depends both on the type of phonon
and on the direction of propagation. For acoustic phonons we
which is off by an order of magnitude. However, this force find
will be distributed inhomogeneously and friction will slow
the motion down. B

We conclude that far away from an impurity site, a small Uph_ﬁ(q-,-/d)
domain(i.e., at high temperaturgss likely to execute a ran-
dom walk with a bias that becomes more pronounced closehich is quite comparable to the average exciton velocity,
to an acceptor site. However, high concentrations of acceptandicating a strong possibility of coupling between these two
sites and low temperature ranges are likely to lead to a betypes of excitations. Finally, the effective phonon mass is

[ FALT 5X10° m/ 4.1
T ~5X m/s, (4.12

~(0.6-2.5x 10" m/s, (5.6
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ﬁTph

mphz—dz—:lo—zg—lcr” kg (5.7) H:2k [hQafa,+hwgbib+1)]
depending on the direction of propagation, i.e., one to two +> xer(K)(bi+b_pal, a. (6.5
orders of magnitude greater than the effective exciton mass. k1 "

The dynamics of the combined system is determined by just
two parametersi, which was introduced earlier, and

The root cause of exciton-phonon coupling is the distancé™ Tex/ Tpn [30]. Depending on the values af and 3 one
dependence of the excitonic paramet@raindJ. As a con-  finds four possible regimega) a<1 and <1, (b) a<1

sequence, the simplest way an interaction energy of this typ@nd 8>1, (c) a>1 and <1, and(d) >1 and 8>1. It
can be written is appears that we are dealing here w1 anda<1, which

leads to the breakdown of the adiabatic approximation. The
maximum velocity of localized excitonic soliton wave pack-

VI. EXCITON-PHONON COUPLING

Himlez (un+1—un,l)A§An+X22 (Upr1—Up) ets is bounded by the sound velocity. This causes a coher-
n n ence dephasing of the exciton whose rate is proportional to
X(AL 1At A1), 6y 30

Furthermore, the significant presence of exciton-phonon
coupling introduces nonlinearity into the problem. There ex-
ist two standard approaches to treat this difficulig: for

eak nonlinearities adopt a perturbative scheme, which can

e done fully quantum mechanically, aftg for sufficiently
strong nonlinearities the above method fails and one solves
the problem semiclasically by incorporating nonlinear terms
X1~ X2 in the classical equations of motion in the continuum limit.

It has recently been showfB80] that these two coupling
terms(proportional toy; and y,) tend to inhibit each other
and their combined effect may be conveniently represente
by the single dimensionless parameter

T 20 MKg Ty, (62 Below, we discuss the importance of nonlinearity in the dy-
P namics of Scheibe aggregates.
A preliminary estimate of the magnitudes pf and y, indi-
cates thaty;~ 100 pN[31] and y,~J/(3d)~40 pN. It will VIl. THE ROLE OF NONLINEARITY

be _useful to convert these values into energy units so we Tpe equations of motion for the displacement variahje
define and the exciton amplitudd,, can be readily found from the
full exciton-phonon Hamiltonian as
Xefi= (X1~ x2)d, (6.3
My =K(Uns1—2Up+ Ug_ 1)+ X2 (Al A — Al JAL)
and obtain an estimate of. as 16—60 meV depending on
the direction.
Inoue[8] concluded that the exciton-phonon coupling ap-
plies to a two-dimensional case and inferred from the experi-

~Xa(ArAn-1+ AL An— AL A AlAL)  (7.0)

ments for merocyanine that its strength is approximately AA =[5+ v (Unsi—U A
given by x.s~29 meV. Spano, Kuklinski, and MukamigO] n=l Xa(Un 1~ Un-) JAn
estimatedxeﬁ%26_me\(, which is quite consistent with it. H+[I+ xo(Unt1—Up) JAn+1
The total Hamiltonian for the aggregate can, therefore, be
written as +[I+ x2(Up— Uy 1) JA, 1. (7.2

The continuum limit consists of two approximations.
H=Hex+Hpnt Hexpn First, the Taylor expansions for the two variables are trun-
cated at the second order terms, i.e.,
=2 [RQAA=I(ArAns 1t AL 1AY)]

+dﬁu+d202u+ 7.3
2 4 Upr1=U(x) = ax T 2 ax2 (7.3
+ &+—K(u —Ups1)?
= l2m 2 Tntl and
S [l B oA d? o*A
+ X1 . [ArAN(Unt1—Up-1)] Ani12d1/2 A(X)ida—x-i-?é’—xz--l-"' . (7.4

+ ATA AT A (U i—uy)], (6.4 Second, the sums over appearing in the Hamiltonian are
XZ% [(Anfn 17 An 1) (Una—Un) ], (6.9 replaced with integrals according to

which can be compactly recast into its momentum represen- 2 - }j dx. (7.5
tation as n d
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1D Scheibe hwp=30 meV, (7.9
Estimates
¢ 50 me\=J<150 meV, (7.9
3
25 meV= y =100 meV. (7.20

This results in 0.& y<0.6 and 0.0%g=3.3, which is still
inconclusive but the largest area covered favors either a free
exciton or a small polaron picture, at least in the quasi-one-
dimensional picture. This is somewhat reassuring in light of
what was argued earlier in the paper. The rather large size of
the domain of coherence and a relatively weak exciton-
phonon coupling emphasized in our paper are suggestive of a
nearly free exciton drifting to an impurity site under thermal
11 noise with a possible role of nonlinearity in preventing the
wave packet from spreading.
There have been a number of studies that focused on the
role of nonlinearity in more realistic two-dimensional models
(but still in the continuum approximatipnOne such nonlin-
e ear model was proposed by Huth, Gutmann, and Vitiello
1 15 [14]. The model was derived by treating the phonons classi-
Y cally and subsequently eliminating them via an adiabatic ap-
) _ _ ~ proximation which, in view of this paper’s findings, is not
l_:IG. 5. The three reglmes_ of behavior for one-dlmenS|0naIentire|y justified. In the continuum limit, Huth, Gutmann,
exciton-phonon systems; followirig2]. and Vitiello [14] derived a two-dimensional cubic nonlinear
, , . Schralinger equation[33-35, where the energy transfer
As a result, the following coupled equations of motion areiayes place through solitonlike ring waves. The dynamics is
found in the continuum limit: described by collapsing ring waves and the collapse time was
associated with the effective exciton lifetingg5,16. Bang
) i|A|2 and co-worker$17,18 further showed that the effect of tem-
X perature is to increase the collapse time and decrease the
coherence time, which seems to be in contradiction with ex-

Ju  ,5u  2d
2 VT, (X1—x

+d_3[(X1—X2) (A% . ﬁ( %2> perimental data[21,36—39. More recent investigations

p 18 ax* 2ox \ | ox [40,41,3] involving the formation and propagation of non-
(7.6) linear localized coherent structures in two dimensions in-
' cluded the presence of Gaussian impurity potentials due to
and acceptor molecules. Their results are much better correlated
with experimental observations. However, what appears to

A ou 2 be needed in a future study of nonlinear effects in two-
iﬁE: (ﬁQ—ZJ)+2d(X1—X2)E)A—dzh\]ﬁ dimensional lattices is the introduction of a negative effec-

tive mass along one of the two directions of propagation,

which might be how an exciton domain is originally created.
. (7.7 It appears that in a hyperbolic version of the two-
dimensional nonlinear Schdinger equation(which would
correspond to such a scenagrithe effect of a negative sig-

a classical approximation, and the third order terms are us nature in the tvyo-dimensiona! Laplacian is to increasg the
v i d ' LEtablllty of a solitary wave, which takes the form of a bright
ally ignored. di dth ibl . fsoliton along one direction and a dark soliton along the other

e el o e ey apdrecton{a2] Receny, Cvistansen . 43 mited s
a study for a 2D nonlinear Schiimger model with disper-

phonon coupled systems described above. Depending on t@ﬁ/e dipole-dipole interactions but encountered cumbersome
values of the two parametersy=fiwy,/J and g

Y : instabilities of the solutions.
=|x| /(.Zﬁwph‘])’ the three regimes found correspond@ One effect that has not yet been discussed in the present
delocalized, almost free excitdregion ), (b) the small po-

_— . . work is the role of radiative losses. It is believed that an
'a“’f‘ limit (re_glon I, and(c) the self-trappeq exciton state g, viton domain of coherence radiates its energy at a rate that
(r_eg|0n Il). Figure 5 demonstrates the location of these ress proportional to its size, i.e.,
gimes on the parameter plane.

Admittedly, the_ Scheibe agregate is a two-dimensional Kras=Negr NS L. (7.12

system and a straightforward application of these results may
be misleading. Nevertheless, we have evaluated the range bfukamel and his collaboratofd9,2Q proposed a model to
parameterg and y based on the estimates arrived at earlier,incorporate radiative losses via the incorporation of an
ie., imaginary term in the exciton-phonon Hamiltonian. As a re-

P (x1—x2) d°u d (au aA)

_A_ | —_—
3 ax3 7 X2ax | ox ax

wherep=M/d is the linear mass densityd|2=ATA implies
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sult, these authors found that the effective size of a coherent TABLE I. A summary of characteristic time estimates.
exciton domainNg, is proportional to this imaginary part
of the exciton-phonon Hamiltonian and hence increasing th&a/Na T (K)  7iigne (5 7raa () Texpn (9) Taitr (S)
absolute tgmperatufﬁcauses t_he _size of the domaly, to 17 30 1012 10-1 1018 0.6x10 1L
e oneeon o e e mogeell 0 201 00 sxag i w0
' ’ 10* 30 1010 101 10713 4x10°8

ment with experimental results.
P 10* 300 2x1071% 1071® s5x10° % 4x1077

VIIl. CONCLUSIONS

Diffusion processes: For high concentrations of accep-
tors and high temperature ranges, diffusive propagation
of an exciton domain may compete with the above pro-

cesses. The characteristic time scale is determined by
the mean diffusion time

In this paper we have been concerned with a number og‘d)
physical mechanisms that are at play in the processes of en-
ergy capture and transfer in Scheibe aggregates. It was ar-
gued based on fundamental principles of quantum mechanics
that the photon energy harvested by a monolayer must nec- 5
essarily be highly delocalized when it is initially absorbed by . :(M) (8.5
donor molecules. The thus created domain of exciton coher- dit—"p '
ence is then subjected to a number of influences. The main  \whereD=v%. 7.1

. ex’ ex-ph
effects can be summarized as followa) quantum decoher-
ence due to wave packet spreading—this may possibly be In Table | we have summarized the results of our rough
arrested by nonlinearityp) thermalization which affects the estimates for the four different time scales at two tempera-
size of the domain—the exciton coupling with phonons ap-turesT=30 and 300 K as well as two concentration values
pears to conform to the semiempirical formul.s  Ng:Na=1C? and 10. The idea is to find out which mecha-
=(3000K)/T, and (c) the attractive influence of acceptor nisms dominate the picture in each of the four regimes of
moleculeg44]. The latter effect is perhaps the least studiedcontrol parameter valugiigh/low temperature and high/low
and merits careful examination. acceptor concentrations

We may, therefore, conclude that there exist several com- Based on Table | the following can be concluded. First,
peting processes with their own time scales and it is imperaexciton-phonon interactions lead to a rapid thermalization
tive to determine which of these processes are dominant umprocess of the exciton domain. Depending on the strength of
der the conditions of various impurity concentrations. Wethe coupling we then deal with a “dressed-up” collective
will attempt a summary by including the following pro- exciton structure. Phonons are not expected to determine the
cesses. capture process at an acceptor site. Second, diffusive propa-

L . . gation of the exciton domain is very unlikely to play a major
(@  Unidirectional propagation of a domain of coherence: o “aycent possibly at very high concentrations of acceptor
It is governed by center-of-mass motion and its charyglecyles. Depending on the actual parameter values, either

acteristic time scale is given by the time of flight radiative losses or the speed of unidirectional propagation
Al 8.1 towards an acceptor will determine the fate of an exciton
Tflight_v_ex’ (8.2) domain. It would now appear that at low acceptor concentra-

whereAl is the mean donor-to-acceptor distance andions the most important effect is the radiative loss process,

v will be assumed on the order oB210* m/s which limits the probability of exciton energy capture. How-
ex "

(b) Radiative decay: Its characteristic time scale is giverfver’ at high acceptor concentrations exciton propagation ve-

by the size of the domain of coherence and we adop ocity is sufficiently high to reach an acceptor molecule be-
tr?/e formula[23,20] ore any excessive energy loss has occufr].

In summary, we wish to emphasize that the processes of
exciton energy capture and transfer via Scheibe aggregates
may be more complex and multifaceted than any hitherto
(c) Exciton-phonon interactions: assuming a weak coufroposed model has emulated. Work on a fuller two-

pling, and hence the absence of soliton formation, leadimensional description of the processes is underway.
to the lifetime formula of an exciton given 40|
273
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