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Pump—Probe Spectroscopy and the Exciton Delocalization Length in Molecular Aggregates

Lisette D. Bakalis and Jasper Knoester*

Institute for Theoretical Physics and Materials Science Center, Nijenborgh 4,
9747 AG Groningen, The Netherlands

Receied: February 1, 1999

Using numerical simulations, we investigate to what extent the ptpngbe spectrum can be used as a tool

to determine the exciton delocalization length in disordered molecular (J) aggregates. We compare the
delocalization length obtained through heuristic arguments from the spectral separation between the bleaching
and the one- to two-exciton induced absorption features in this spectrum to the delocalization length obtained
from the participation ratio at the J band center. We find that up to a certain saturation length these two
delocalization lengths are indeed proportional. In the case of long-pulse two-colormuroige spectra, the

slope of this linear scaling is insensitive to the pump frequency; it is sensitive to the width of the probe pulse.
Beyond the saturation length, which is determined by the homogeneous line width of the exciton transitions,
both the two-color and the short-pulse puagyobe spectra saturate and no longer can be used as a measure
for the delocalization length. The latter applies to the B850 ring of bacterial antenna complexes.

I. Introduction T T T . T . ,

The dynamics of Frenkel excitons in low-dimensional mo-
lecular assemblies, like J aggregatmsd photosynthetic antenna
systemg, have been the subject of many recent studies. The
key quantity that keeps attracting attention is the exciton
delocalization length, i.e., the number of molecules over which
the exciton’s wave function is spread. This length is determined
by the competition between the intermolecular excitation transfer
interactions and static disorder imposed by the environment
(random solvent shifts). At higher temperatures, also inelastic . . .
scattering by nuclear motions plays a role (dynamic disorder), 22002 %) -1.998
which may lead to an exciton mean free path (coherence length)
that is shorter than the delocalization length. The amount of (0, — wy)/J1

exciton delocalization strongly affects the optical response and Figure 1. Typical pump-probe spectrum foa J aggregate as a
energy transp_ort propt_ertle_s of the assembly, which explains thefunction of the probe frequenay,. The spectrum shows a negative
considerable interest in this length scale. contribution due to bleaching and stimulated emission of one-exciton
Methods to measure the exciton delocalization length make states excited by the pump laser, and a blue-shifted positive feature
use of collective effects in the optical response. Well-known due to induced absorption from the excited one-exciton to two-exciton
examples are exciton superradiahaed exchange narrowirfg. states. The spectral separatiarbetween both features is thought to

Both methods. however. involve uncertainties. In the case of be a measure of the exciton delocalization length, a conjecture that is
! ! : tested in this paper. The spectrum shown here is a two-color pump

superradiance, the fluorescence quantum yield geperally i? NOtyrobe spectrum simulated for aggregates of 250 molecules with static
known very well, while the use of exchange narrowing requires disorder of strengti/|J| = 0.01 (see section Ill). The pump frequency

knowledge of the disorder distribution felt by a single molecule . was taken at the maximum of the absorption band.

in the aggregate® a relation between the pumprobe spectrum and the exciton
Recently, the weak-pulse pumprobe spectrum has been delocalization length.

used as a third method to determine the delocalization length. A more quantitative arguing starts by considering homoge-

For one-dimensional J aggregates, this spectrum contains aneous one-dimensional aggregates with nearest-neighbor transfer

negative contribution due to bleaching and stimulated emission interactions]. The excitons in this system are characterized by

of the one-excitons excited by the pump pulse and a blue-shifteda wave numbek and an energ@‘k’ = wo + 2J cos@k/(N +

positive feature resulting from induced absorption from the 1)), wherew is the single-molecule transition energy axds

excited one-excitons to two-exciton states (see Figure®).  the number of molecules in the aggregate (open boundary

The blue shift is a consequence of the fact that two excitations conditions)!2-14 If N is not too large, one then finds that only

cannot reside on the same molecule (Pauli exclusitlepving two transitions dominate the pumprobe spectrum. The

a smaller effective space for the second excitation, which in bleaching feature is determined by the superradiest1Cone-

the case of J aggregates (negative transfer interaction) impliesexciton state, while the induced absorption is dominated by the

a higher energy. Obviously, this exclusion effect should diminish transition from this one-exciton to the two-exciton stte=

for larger exciton delocalization size, suggesting, quite generally, 2, k, = 1LB12 Thus, the blue shif\ between the two features

AOD (a.u.)
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in the pump-probe spectrum is given By the simulated spectra. In section Ill we give the general
expressions for the spectra that we simulate. The results of our
A=Q) ,— QY ~37°J/(N+ 1Y 1) simulations for various homogeneous line widths, pump condi-

tions, and probe widths are presented and discussed in section
If one nowassumethat the properties of a disordered aggregate V. Finally, in section V we conclude.
are well-described by those of decoupled homogeneous ag-
gregates with an effective length given by the exciton delocal- !l. Hamiltonian, Diagonalization, and Smoothing
ization lengthNae, one should replace in eq 1 the physical length  \we consider linear molecular aggregates consisting of a chain
N by Nge. Inverting the resulting equation, one arrives at a of N polarizable two-level molecules labeled(= 1, ..., N).
simple expression relating the exciton delocalization length to The molecular transition dipoles all have magnitudend equal

the observed blue shift in the pumprobe spectrum, orientation, so that we may ignore their vector nature. Within
the Heitler-London approximatiod? the Frenkel exciton
NE2 = V377 J)/A — 1 ) Hamiltonian for the aggregate red#3*
where the superscript “pp” has been added to stress the origin . N "
(pump—probe) of this length. H= 3% Hybb, (4)
m=1

As this method to determine the delocalization length has n
received considerable attention recedfly>17 it should be ) )
assessed critically. First, an important step in the above is theWith the N x N matrix
replacement of the disordered chain by decoupled homogeneous
segments with a low-energy level structure that corresponds to Him= (@0 + €2)0nmT I0nn1F Onnra) ©)
the segment size. Although the numerical simulations of exciton
states in ref 18 give some support to this step, a systematicand open boundary conditions. Hef&,and b, are the Pauli
study over a large range of disorder values has not been givenraising and lowering operators, respectively, for molecular
Second, as was pointed out in ref 14, the finite homogeneousexcitations?324 w, denotes the average molecular transition
line width (y) of the exciton transitions imposes a natural upper energy & = 1), andJ is the nearest-neighbor excitation transfer
bound on the delocalization length that may be determined from interaction. Finally, we account for static diagonal disorder
the pump-probe spectrum. When the separation between through the random energy offsets, which are chosen

neighboring one-exciton levels approaciethe exciton levels  independently of each other from a Gaussian distribution with
start to mix and the spectrum is no longer dominated by the standard deviatiow,

above two transitions. For homogeneous aggregates, this hap-

pens when the aggregate size surpasses the saturation size P(e)
€n =

1 2
exp(—e,’20” 6

o pEe,1207) (6)

In order to calculate optical spectra using standard sum-over-
Beyond this size, the pumiprobe spectrum should not depend  states expressio826 one has to diagonalizéd. This is
on the delocalization length anymore. Stated differently, the considerably simplified if one uses the JoreaNigner trans-
spectrum then gives no information on the delocalization length, formation from paulions to fermior8.As this approach is well-
but only on the saturation size. Alternatively, one may view known12-14we only briefly mention the results that are relevant
Nsaras the coherence size of the exciton imposed by the inelasticfor the remainder of this paper. After the diagonalization, the

scattering processes responsibleyfoin fact, Meier, Chernyak,  exciton Hamiltonian obtains the free-fermion form
and MukaméP recently stressed that the purprobe spectrum

always measures the coherence size, which in the absence of N

inelastic scattering equals the delocalization length. They H= ngﬁlﬁk @
supported their general scaling arguments (relating spectral =

widths in the presence of scattering to a coherence size) by

explicit comparison to a small number (three) of numerical Here, 7, and7j are Fermi operators ar@ (k= 1, ... ,N) is

Ney= V372 J|ly — 1 ©)

sal

simulations. the kth eigenvalue ofH,m The corresponding normalized
In this paper, we report on a systematic study of the effect eigenvector will be denotegh.
of exciton delocalization on the pumprobe spectrum of Owing to the fact that quite generally| < wo, the overall

molecular aggregates. We do this by simulating ptipmbe ground state|gdJof the aggregate is the state in which all
spectra for J aggregates with static disorder over a range ofmolecules are in their respective ground states. The lowest
disorder strengths. We study the correlation betw®&p excited states are the one-excitons, in which the molecules share
determined from these spectra and the “real” delocalization one molecular excitation. They take the fofki= 7;,|gl] have
length,Nge, Which we determine directly from the exciton wave energyQy, and transition dipole to the ground state

function via the participation rati#:21In contrast to ref 19, we

mainly focus on the@wo-color pump—probe spectrum and we N

consider the effects of changing the pump frequency and the Ug=H ) Pn (8)
width of the probe pulse. In all cases, we find a remarkably =

well-defined linear scaling between the two delocalization

lengths as long ablye lies well below the saturation length. with @k, the nth component of the eigenvectgi. The next

The outline of this paper is as follows. In section Il we present higher band of excited states is formed by the two-exciton states,
the Frenkel exciton Hamiltonian for the aggregate and we |k;, k.00 = fﬁl ﬁlzlgEJ with energy Quk, = Qi + Q.
discuss a smoothing technique that improves the statistics of Two-excitons cannot be excited directly from the ground state.
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The transition dipole betwegdk;, koCand the one-exciton state
|kOis given by

Mgk, — 4 z (Pun, T Pun) @i Pron, ~ Pron,Picn) (9)

np=>ny

We finally note that higher exciton bands exist, but those are
not relevant for the weak-pulse pumprobe spectrum (or for
any other third-order nonlinear optical technique). This follows
from the fact that only transitions between adjacent multiexciton
bands are dipole allowed.

In the general case of disorder, one has to resort to simulations

in order to calculate “exact” spectra. For each randomly
generated disorder realizatidfi,m is diagonalized numerically,
from which the multiexciton energies and transition dipoles
follow. This has to be repeated many times in order to obtain
smooth spectra. Depending on the particular parameter values

Bakalis and Knoester

tion, €, = Y .Cmem, ONE Observes that VNe; ie., €,
describes the mean of the original random offsets.

Using this transformation, the average ovémay indeed
be carried out explicitly. To this end, consider the special8ase
of the average eq 10 witffw — Q) = o(w — Qy),

lo(w) = DZ Flgw o(w — Q)0

= [ de, ... [ dey [P Z Flg) flo — Q)

= [ de;...f dey [] Pler) Z Flgo flo — Q) (13)

The last expression seems not very useful, asthand thegy
are the eigenvalues and eigenvector$igf, which is defined
in terms of thes, and not of thee,. Let us define, however, the

however, the statistics of the spectra may be improved consider-new matrixH;,,, similar to eq 5, except tha, is replaced by

ably by applying a smoothing technique that was proposed by
Makhov et aP® for the linear absorption spectrum. In the
following, we outline this technique from a more general point
of view.

The generic form of spectral functions is

l(w) = i F(py) flo — QYO (20)

Here,[..0stands for the average owver, ..., en. FurthermoreF

is a function of the eigenvectors aha a broadening function
that, for instance, accounts for the finite homogeneous line
widths of the exciton transitions. As a specific example, for
the linear absorption spectrum we hdve= 2|5 ngnl® andf is

a Lorentzian with half-width at half-maximum (HWHMy).
Similarly, for the density of one-exciton statds,= 1. For
nonlinear optical spectrd may take more complicated forms
(see below). It is now obvious that if the disorder strengih
large compared to the width éf(c > y), one has to sample
many disorder realizations to obtain a smooth spectrum. Under
these conditions, the smoothing technique of ref 28, which was
introduced for the extreme casejf= 0 (flo — Q) = o(w —

Qy)), is most useful.

The crux of this technique is that it samples the disorder
realizations more efficiently by allowing for an analytical
averaging over the mean valde= 3 ¢/N of the N random
offsets in one chain. For small chains, the fluctuations in this
mean offset are important limitations to obtaining good statistics
in numerical simulations. Technically, the separatione aé
achieved by expressing the random offsets in a new set of
random variableg’, ..., €y using the orthonormal transforma-
tion

€= icnme;n (11)
with
¢ = 71N [sin(%’(n — 1)m— 1)) +

cos{%(n — m-— 1))] (12)

The orthonormality guarantees tHgte,> = ¥ m(e),)2 implying

N

Z Cofm = € — 6'1/\/N

m=

(14)

(cf. egs 11 and 12). Thus, we effectively subtracted the mean
valuee of the original offsets from all the molecular transition
frequencies. Let the eigenvalues and eigenvectorsHgf
(which is determined completely by, ..., €\) be denoted2,

and ¢. Obviously, @, = Q — €)/vN and ¢}, = ¢, as
H,m = Hom — 6'1/«/N Onm Thus the last form of eq 13 may be
rewritten,

lo(w) =

J e, ... [ dey [] P Z F(g)) Olw — Q) —

1

€1
—] (19)
N

In this form, the integration ove¢] is easily performed by
eliminating the delta function, leading to

N —N(w — Q) H
Y Faved———| a9

()=, [—
270

where the averagg..[lis performed over th&l — 1 Gaussian
variablese),

Returning to our original average of intereKi), we note
that this is simply related té(w) by

(@) = ly(w) ® f(w)

s €N

17)

where® denotes a convolutiorny(dw’ lo(w") f(w — »")). Thus,

at the price of an extra convolution, it is always possible to
sample the mean value of the original offsets analytically. In
practice, one now simulates the remaining average eq 16; i.e.,
one randomly chooses, ..., €, calculated; ,, and diagonal-
izes this matrix in order to obtaife, and ¢,. Repeating this
many times gives$o(w), which after the fast convolution of eq
17 results in the desired average of eq 10.

The improvement of the statistics (leading to smoother
spectra) is recognized in eq 16 from the fact that a serie€s of
functions, occurring in the original averagelgfw), is replaced
by a series of Gaussians with the finite width/N. Of course,
for the actual function of interest(w), this method only

constitutes an improvement as long abk/N > y. It thus

that thee;, obey the same independent Gaussian statistics asdepends on the parameter values and chain size whether it is

the original offsets. Furthermore, from the inverse transforma-

profitable to use the smoothing technique.
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We finally note that for nonlinear spectra, the functienn procedure of the previous section, leading to
eq 10 may be more complicated and depend on all eigenvectors
as well as on the eigenvalueB({¢g}, {€2}). The above N —N(w — QL)Z
derivation then results in the same expression, except that in Alw) = |ﬂgk|2 ex ® L(w)
eq 16 2710° 20
(22)
Flg) — F{ggt {Qq — Qi+ w}) (18)

with L(w) = y/(w? + y?).

For the pump-probe spectrum, we distinguish between the
case where the pump and probe laser pulses are spectrally
narrow compared to the J band and the case where they are

In this section, we give the explicit expressions which we proad. The first case applies to two-color (long-pulse) ptmp
used as the basis for our simulations. First, we discuss theprobe spectroscopy, while the second applies to ultrashort laser
participation ratio. This well-known measure for the energy- puylses. In both cases, we will assume that the pulses are weak,
dependent delocalization size of a particle (exciton in our case) gq that, neglecting coherent artifadishe experiment can be

Ill. General Expressions for the Spectra

in the presence of disorder is defined& > separated in two linear absorption processes. In the first, the
pump excites the aggregate into a one-exciton state; in the
o(w — QYO second process, the excited one-exciton state is probed by
measuring the linear absorption of the probe. This gives rise to
P(w) = (19) d P P g

4 three contributions: (i) stimulated emission at the frequency of
DZ (Z Pin )O(0 — QY0 the excited one-exciton state; (i) bleaching (reduced absorption)
n of all one-exciton states; (iii) induced absorption from the
excited one-exciton to two-exciton states. In the difference
P(w) measures the number of molecules that on the averagespsorption spectrumOD, (i) and (i) give negative peaks (often

participate in the states that occur at enetgyThis is seen by imny referred to as “bleaching”), while (iii) leads to positive
considering the two limiting situations. For states that are features.

completely localized on one molecule we havgok)* = 1,
leading toP(w) = 1 at the frequency of the state. On the other

hand, for the completely delocalized states that exist on perfecuyfrequenciesol andas, respectively. The line shape functions

. o 4
g;?ze&eic{])?lzfgkg”ivinZInF(,J(ILIZ;V(L\I ;ENl)J)r)’l?/%e 'illﬁ?sznr(nq())?vates of these pulses around their central frequencies are denoted

, o () andip{w), respectively. Thudp(w) andip(w) both have
one to define the frequency dependent delocalization length astheir maximum ats — 0 and widths that are given by the inverse

3 pulse duration. The pulses are narrow compared to the linear
Nge(@) =5 P(w) — 1 (20) absorption band of the aggregate. Under these conditions, the
probe absorption spectrum, measured as the total power absorp-
tion from the probe pulse, is given by

We first consider the two-color pumiprobe spectrum, in
which we have narrow pump and probe pulses with central

The behavior of the participation ratio as a function of energy
has been studied in various papéf and agrees with the
general picture that states close to the center of the one-excitorAOD(w,w,) =

band stay more delocalized in the presence of disorder than _f do’ f do' 1 (0, — a)')f (@, — @) x
states close to the band edgesvear the J band (the main 1 2 puttl L Tpritz T2
absorption band which far < |J| occurs in a narrow region at u k|2?/ lu k|23/

the lower exciton band edge), the energy dependend¥of e [1+ 5kk]g— _
is rather strong>2°In particular, the participation ratio decreases (@, — Q)+ Z T (0 — Q)2+ 9P
when moving from the blue side to the red side of the J band,
indicative of the growing localization when one moves further |/’tk,klk2|27/'
away from the center of the exciton band. Z( (23)

We note that it is trivial to apply the smoothing procedure K% () + Q, — Q, — Qk)z + ()2
introduced in the previous section to both disorder averages in '
eq 19. For the numerator, one finds eq 16 with- 1, while F
= 3 (i) for the denominator.

We next turn to the optical spectra. Although our focus is on
the pump-probe spectrum, we will also need the linear
absorption spectrum, in order to determine at what frequency
to pump when simulating two-color purprobe experiments.
The sum-over-states expression for the linear absorption spec
trum read$>26

The first term in curly brackets describes the bleaching and the
stimulated emission, while the second term gives the induced
absorption. As before; is the homogeneous width of the ground
state to one-exciton transitions apdis the width of the one-
exciton to two-exciton transitions. The integrations owgr
andw), account for the convolutions of the pulse shapes with
the homogeneous line shapes of the various exciton transitions.
In the Appendix, we give the expression that follows from eq

y 23 after smoothing.
2 . . .
Aw) = & |eegyl ﬁﬂ (21) Finally, we consider the short-pulse purgrobe experiment,

(0 —=Q)"+y where the laser pulses are much broader than the aggregate

absorption band. In this case, the pump pulse excites all one-

with y the homogeneous line width of the transition from the exciton states with a probability proportional to their oscillator
ground state to the one-exciton, which is assumed independenstrengths, but independent of their transition energies. The probe
of k. Again, it is straightforward to apply the smoothing absorption spectrum is resolved by a monochromator. The
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general expression for the thus obtained differential absorption

reads*
AOD@)=—B§ U+
(@ = Q)+
|#gkﬂk,k1k2|27'

(24)
& k;z ((1) + Qk H

After applying the smoothing procedure, this expression leads
to eq 28 of the Appendix.

[NU? + |uagd T legdy

—Q — Q)+ ()

IV. Results and Discussion

In this section, we present and discuss the results of our
numerical simulations. All calculations were done on chains of
N = 250 molecules with) < 0 (J aggregates). The disorder
strengtho was varied from 0.003| to 0.3J|. For each disorder
value, 500 randomly generated disorder realizations were
sampled, resulting in smooth spectra. Three values of the
homogeneous one-exciton line width have been choser
0, 5x 1074J|, and 8x 1074J|, respectively. The last two values
are typical for the homogeneous line width of PIC J aggregates
in a low-temperature glassy hddtFor the line width of the
one- to two-exciton transition, we usgtl= 3y. This relaxation

Bakalis and Knoester

200
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Figure 2. Exciton delocalization length calculated from the participa-
tion ratio (eq 20) as a function of the disorder strength. The participation
ratio was calculated at three different energies: at the red half-maximum
of the J band ¢), at the center of the J bane-), and at the blue
half-maximum of the J bandX).

lengths (obtained from the participation ratio at the J band
maximum) on the order of 50 molecules.

B. Participation Ratio. In order to have a reference value
for the exciton delocalization length that is directly obtained
from the wave function (and not from a particular observable),
we calculated the participation ratio. Figure 2 gives the thus
obtained delocalization length as a function of disorder for three
different energies: (i, the position of the center (maximum)
of the J band simulated at the same disorderiyiixhe position

model applies if the molecules of the aggregate each have agf the red half-maximum of this band; (iighp, the position of

bilinear coupling to a bath with short correlation time, which
may be considered independent for different molectidshis
model also yields the assum&dndependence of the various
decay rates. Using eq 3, the two nonzero valuesyfgield
saturation lengths of 240 and 190 molecules, respectively.

A. Linear Absorption Spectrum. The linear absorption
spectrum was simulated using eq 22. The main reason for
calculating this spectrum is that we needed it for the two-color
pump—probe spectrum, where we used pump frequencies and
laser line widths defined relative to the maximum and the width
of the J band (the main absorption band), respectively. A
secondary reason is that the linear spectrum provided a chec

on our numerical procedure, as this spectrum has been thor-

oughly studied before. In particular, we checked the conservation
of oscillator strength and the behavior of the absorption spectrum
with changing disorder strength. As is well-known, with

the blue half-maximum. We note that these energies are not
fixed in an absolute sense, because the position and width of
the J band depend on the disorder strength.

As expected, we find that at all energi@d;e; — N in the
limit of small disorder, whileNge decreases with growing
disorder strength. At the same time, the figure shows that for
fixed disorder the delocalization length decreases with lowering
energy, which agrees with the well-known fact that localization
is stronger when one moves away from the center of the one-
particle band (see discussion below eq 20). As long as the
delocalization length is small compared to the aggregate size

, its values at different frequencies turn out to be linearly
related to each other. In particular, we find that fér< 80,
Nae(@r) = 0.8MNge(wc) — 0.63, whileNge(wp) = 1.3WNgel(we)

increasing disorder, the J band broadens and its maximum shifts C- Two-Color Pump—Probe Spectrum.Using the expres-

to the red. For intermediate disorder strength, such khat

Ngel > 1, the width of the J band scales like*3. This has
been found from numerical simulations as well as from
analytical approache8:33-36 |n the strong- and weak-disorder
limits, however, this scaling breaks down. For strong disorder,
one approaches the molecular limiiy§, = 1), where the J band
width is proportional tas. For very weak disordemMNge ~ N),

one reaches the exchange (or motional) narrowing limit, where
the J band width scales like/v/N.45 Thus, the width of the
absorption band behaves lik&, wherex changes from 1 to
4/3 and back to 1 with increasing Theo values where these
changes occur depend on the aggregatelSjzes observed by
Makhov et al2® although we believe them to occur more
smoothly than found by these authors. Ko+ 250 and varying

o from 0.001J] to 0.3J|, we found a smooth change »from
1.09 to 1.30. This is in agreement with the above. The larger
disorder values used in our simulationg|J| = 0.06:-0.3) lie

in the intermediate regime and yield exciton delocalization

sions given in section Ill, we simulated two-color puagrobe
spectra under various conditions. For the central frequency
of the pump laser, we considered the three choiggsg,, and
wp, defined in section 1V.B. Hereafter, we will refer to these
pump choices as “central excitation”, “red excitation”, and “blue
excitation”, respectively.

We first discuss simulations in which we minimized the effect
of laser pulse widths. This was achieved by choosing a
o-function probe, while for the pump pulse we used a Gaussian
with a standard deviationp, = 0.3W, whereW is the half-
width at half maximum of the J band simulated at the same
disorder strength. For smaller pump widths, the statistics of the
simulated spectra deteriorate too much, due to the fact that most
simulated aggregates do not have a one-exciton that can be
excited by the narrow pump. In these simulations, we used the
smoothing technique (i.e., eq 27). A typical example of a thus
obtained two-color pumpprobe spectrum is shown in Figure
1.
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Figure 3. Effective exciton delocalization lengtiNi?, obtained

through eq 2 from simulated two-color pumprobe spectra, as a
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Different symbols refer to the three different values of the homogeneous a0 at the J band center. A-shaped probe pulse was used and a
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inset shows a blowup of the small-disorder part of the plot. (O), respectively. The solid line is the best linear fit through the first

eight data points foy = 0; its slope and abscissa can be found in

Table 1.

Figure 4. Exciton delocalization length obtained from the simulated
two-color pump-probe spectrum after pumping at the J band center,

For each disorder strength, we determined from the simulated
spectrum the separatignbetween the maxima of the bleaching
and induced absorption features, and derived the exciton jinear fit (accounting for data points up e = 50) yields
delocalization lengthNiE, according to eq 2. For vanishing
homogeneous line widthy(= 0), this length qualitatively NPP = 3 +b 25
follows the same behavior as observed for the real delocalization def Nae( o) (25)

length in Figure 2. In the homogeneous IliMi{2, — N, while with a = 1.29 andb = 1.72. Extending the fit region up Mgei

for increasing disordeKf, decreases monotonously. Inclusion  — 150 only gives minor changes in these coefficieats(1.28,
of a finite line width y, however, alters this behavior. With b = 2.11). The accuracy of the fits indicates that the pamp
decreasing disordeNg, s first found to follow they = 0 data  prope spectrum under these conditions indeed is a good tool to
and then starts to level off at a value that depends.drhis is measure the delocalization length.
shown in Figure 3 for the case of central excitation. On the other hand, Figure 4 clearly shows that for finite
This behavior is easily understood. If the disorder strength he jinear scaling breaks down due to the saturation effég.
is rather large, inclusion of a finitg value does not affect the  5piained from the pumpprobe spectrum levels off, while the
pump-probe spectrum (anbif), simply because all spectral  rea| delocalization length continues to increase. We observe that
features then have widths that are dominated by the statictqy the y values used, the same linear scaling asyfer 0 is
disord_er. The smaller the disorder strength gets, however, th_eobeyed up tdNeel ~ 50, which is well below the saturation size;
more important the homogeneous broadening becomes. This e "the precursor to saturation is notable at an early stage.
broadening leads to a growing overlap of the negative bleaching rinally, it is important to note that the observed linear scaling
and the blue-shifted positive induced absorption peaks. Due t0 4t small delocalization lengths is not particular for the system
this overlap, these features partially cancel each other in thegjze ofN = 250 molecules. We performed the same simulations
total spectrum, a phenomenon that leads to an apparent increasgy, aggregates dfl = 80 molecules and found that e up
in the observed value fok. As a consequencélgg decreases  to roughly 50 molecules, the data accurately follow the same
(cf. eq 2). This is the precursor of the size saturation mentioned linear scaling. For larger delocalization lengths (smaller disor-
in section I. Lowering the disorder even further, eventually der), finite size effects occur in tH¢ = 80 chain.
brings one to the saturated spectrum, which is insensitive to a We followed the same procedure as above for ptimpbe
further decrease of the disorder or, alternatively stated, to a spectra obtained with red and blue excitation. The comparison
further increase of the delocalization lentiy. Therefore, the  petween the thus obtained delocalization lengths and the real
highest value foNge that can be measured using the pump  delocalization lengttat the J band centeis plotted in Figures
probe spectrum depends on the homogeneous line width of thes and 6, respectively. Again, for delocalization lengths of up to
excitons and should be expected to be on the ordeNsaf more than 100 molecules, linear scalings are found, with slopes
defined in eq 3. (a) and abscissad) that are given in Table 1. As above, finite
In order to see how wel\g¥, reflects the real delocalization  y values cause the scaling to break down arohigg= 50. It
lengthNge, we plotted the former against the latter, so that each is remarkable that the slopes are equal (within their error bars
data point gives the pairNge, Ni2) for one value of the of 3%) for all three excitation frequencies considered here. This
disorder strength. Figure 4 gives the thus obtained plot for the implies that, independent of the pump frequency, the two-color
case of central excitation, where we used the participation ratio spectrum measures the delocalization length at the J band center
at the absorption line center. Moving from left to right in this (since we used this as a common reference). This, in turn, also
figure, the data points correspond to a decreasing disorderimplies that the two-color pumpprobe spectrum cannot be used
strength (0.8)|—0.001J}). Fory = 0 a surprisingly good linear  in a straightforward way to map out the energy dependence of
relation between both values of the delocalization length is the delocalization length in the J band.
found, which extends to delocalization lengths of more than In fact, it turns out that over a large range of disorder values,
100 molecules (i.e., half the physical chain length). The best a linear relation holds betweef andW (the HWHM of the J
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Figure 5. As figure 4, but now the pump frequency is at the red half-
maximum of the J band. The participation ratio is still taken at the J
band center.
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Figure 6. As figure 4, but now with pump frequency at the blue half-
maximum of the J band. The participation ratio is still taken at the J
band center.

TABLE 1: Coefficients a (Slope) andb (Abscissa) for the
Linear Fits (Eq 25) of the relation between the
Delocalization Length Obtained from Two-Color
Pump—Probe Spectroscopy and the Delocalization Length
Obtained from the Participation Ratio at the Center of the J
Band?

o-probe finite probe
red center blue red center blue
a 1.31 1.29 1.28 0.96 1.09 1.03
b 0.24 1.72 1.43 0.55 0.33 1.12

a Distinction is made between probe pulses thatdesaaped or that
have a finite width (HWHM of 0.3 times the HWHM of the linear
absorption spectrum). In both cases, three positions of the narrow pump
pulse are considered: at the red half-maximum, the center, and the
blue half-maximum of the J band. Four of the fits are displayed in
figures 4-7 along with the simulated data. In all cases, the fit was
obtained by considering data points witae < 50. The slopes are
only slightly changed if the fitted interval is extendedNg., = 150
(=5% for all cases, except for the last column, where finite size effects
cause larger inaccuracies, cf. discussion in section IV.D).

band),

A=cW (26)
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Figure 7. As figure 4, but now with Lorentzian pump and probe pulses,
both with a HWHM of 0.3 times the HWHM of the J band.

2/v/3 ~ 1.15. The numerical results reported by these authors
also indicate that this scaling is not universal.

We now turn to pump-probe spectra where both the pump
and probe pulses have a finite width. For this case, we used
Lorentzian pump and probe pulses with a HWHMGE 0.3W,
whereW is the HWHM of the J band simulated at the same
disorder strength as the pumprobe spectrum. The Lorentzian
pulse shapes were used for convenience, as they allow for
analytical evaluation of the integrals owel andw) in eq 23.

We did not use the smoothing procedure in these calculations.

We followed the same procedure as in the casé pfobes
and compared\i?, obtained from the pumpprobe spectra to
Nge(wc) obtained from the participation ratio at the J band center.
The results are similar to the ones férprobes and we only
give the plot for the case of central excitation (Figure 7). The
slopes and abscissae for the corresponding linear relations are
given in Table 1. We note that the slopes are smaller than in
the case of the) probes and that they have larger mutual
differences. The fact that the slopes are smaller can be
understood from the fact that the introduction of a finite probe
width is equivalent to keeping @ probe while increasing the
homogeneous line widthg andy’ in the second transition in
eq 23 (caused by the probe pulse)jot+ I' andy’ + T,
respectively. This broadening of the transitions gives rise to an
increased overlap of positive and negative features in the pump
probe spectrum, which, in analogy to the precursor of saturation,
leads to a larger apparefttvalue and, thus, to a smaller value
for N2, As the extra widthl" decreases for smaller disorder
strength (asV then becomes smaller), the effect does not lead
to real saturation in the case pf= 0, but merely to a lowering
of the slopea.

If eq 26 were universal, i.e., held for an arbitrary ratio of
disorder strength and homogeneous line width, we could use
the above noted equivalence between a finite probe width and
increasing the homogeneous line width to derive the approximate
dependence of the sloeon the probe width. For the probe
width T' = «W, this leads toa(k) = a(k = 0)/+/1+«. For our
case ofk = 0.3, this gives a reduction of 12% in the slope
with respect to the case ofdaprobe, which is about half of the
real reduction seen in Table 1. We attribute this discrepancy
mainly to the fact that eq 26 is nonuniversal.

D. Short Pulse Pump-Probe Spectrum.Using eq 28, we

with ¢ ~ 0.8, independent of the pump-frequency. The constant conducted a study similar to the ones in section IV.C for the

¢, however, changes when the homogeneous line width ap-case of short pump and probe pulses. In this case, no pump
proaches the disorder strength; i.e., eq 26 is not universal. Usingand probe frequencies or widths can be varied, so that we do
analytical arguments, Meier et &l have suggested a similar not have to distinguish various cases, as we did for the two-
scaling for the case of short pump pulses, leading: te color spectra. Again, we studied the relation between the



Exciton Delocalization in Molecular Aggregates J. Phys. Chem. B, Vol. 103, No. 31, 1998627

delocalization length obtained from the purmgrobe spectrum  the linear scaling probably breaks down around 2 or 3 molecules
and the one obtained from the participation ratio at the center already. In other words, the length scale of-42 molecules

of the J band. As before, we found the linear relation eq 25 to determined from the pumpprobe spectrum on the LH2

be obeyed for small delocalization lengths, where the best fit system” is not the delocalization length imposed by static
for Neer < 50 yields a slop@ = 0.84 and abscissa= 0.70. It disorder but is to a large extent determined by the homogeneous
should be pointed out, however, that this linear scaling breaks proadening, i.e., by dynamic effects. This agrees with the
down aroundNgel = 100, even fory = 0. Repeating our findings of Meier et al® and Jimenez et &P.

calcula_tions for varioys smaller_chain_sizm,sclearly indicates In our model Hamiltonian, we have not included exciton
that this breakdown is due to finite-size effects. These effects exciton interactions, which in principle may be of importance

occur rather early for this case, as the broad pump pulse also . . o -
excites states that occur on the (far) blue side of the J band when dealing with multiexciton manifolds, as they may lead to

) i i 42 i ; ihilatinri3—46
where the delocalization length is considerably larger than at _bound biexcitor-“2and exciton-exciton annihilatiort; It

the J band center (cf. section IV.B). This early onset of finite- is known, however, that over a large range of interaction

size effects probably also is the cause of the reduced accuracftren%'ihs' the ?ﬁeCt on the pumprobe specirum is rather
for the case of the blue excitation two-color pummobe small#! Interestingly, for homogeneous aggregates, the effect

spectrum with finite probe width. of strong interactions may be accounted for by replacing the
physical aggregate size by a slightly smaller effective $ize.

remains to be seen whether an analogue of this, such as an

V. Concluding Remarks apparent small change of the delocalization length, occurs in
the presence of disorder.

In this paper, we have numerically assessed the possibility We finally note that our results have important implications

of using the pump-probe spectrum as a tool to determine the cpncerning the igsue of intermolecular correlati_ons of the
exciton delocalization length in aggregates with diagonal diagonal disorder in moIecm_JIar aggregates. In ref 5, |t_was shown
disorder. Considering various excitation and probing conditions, 1@t the spectral separation between the bleaching and the
we have shown that, as long as static disorder dominates ovefnduced absorption contributiori®fore adding them to form
homogeneous broadening, the puampobe spectrum, using eq  the total spectruncontain information on such correlations. In
2, gives a delocalization lengtN}?, proportional to the real particular, the dependence of this separation on the pump
delocalization lengtiNee(we) (obtained from the participation frequen_cy is stronger for decreasing correlations. Exper_lmen-
ratio at the J band center). Dynamic effects (homogeneous!t@lly, this dependence was found to be very weak, leading to
broadening) limit the delocalization lengths that may be surprisingly large estimates of the disorder correlation length
determined this way to values smaller tha@.3Nss; where the ~ Of 50—100 molecules for PIC aggregatesd several hundred
saturation size is defined in eq 3. As discussed in the Introduc- molecules for TDBC aggregatésOur numerical results show,
tion, this saturation size may also be interpreted as the excitonhowever, that even for completely uncorrelated disorder the
coherence size imposed by inelastic scattering. separation\ between the bleaching and the induced absorption

We have shown that for two-color pumprobe spectroscopy N thetotal_spectrum is t_otally insen_siti_ve to the pump frequency
with 6-shaped probe pulses, the coefficients in the relatii (over the interval considered). This is clear from the fact that
= aNwe(we) + b are practically independent of the pump the §I9pea} is insensitive to the pump frequency. Thereforg,
frequency & ~ 1.3, whileb = O(1)). This is rather surprising, ~ ©btaining information on the correlation length from experi-
because the participation ratio has a strong energy dependencéental spectra, which necessarily &otal spectra, relies on a
within the J band. This implies on the one hand that the typical delicate deconvolution into separate bleaching and induced
delocalization length may accurately be measured with the absorption contributions. This introduces considerable uncertain-
pump—probe spectrum, but on the other hand, that its energy ties, raising doubts whether the large correlation lengths reported
dependence apparently cannot be determined this way. We haveo far indeed exist or just are an artifact of the method involved.
also seen that increasing the width of the probe pulse leads to
a smaller slopea, an effect that is well-understood (section  Acknowledgment. The authors thank Professor F. C. Spano
IV.C). As long as the probe pulse is narrower than the J band, for many stimulating discussions.
however, the slope stays close to unity. The latter also seems
to hold for short-pulse pumpprobe spectra, although finite size
effects at present make it impossible to determine the linear Appendix
scaling for this case over a large interval of delocalization
lengths.

In our study, we have used values for the homogeneous line
widths that are typical for excitons in J aggregates of pseudo-
isocyanine (PIC) at low temperature (1.5¥)lhese line widths ; X .
are )r/ather émal)l, which exglains ery the)-ll-inear scaling holds spe_ctr_um eq 23. In the f'rSt, term (t;leachzlng ar_1d _stlmulated
up to the large delocalization length Nfe; ~ 50. This interval emission), we takd = y/((0; — Q«)* + v ); Wh,"e in the
is large enough to accurately determine the delocalization lengthS8¢0nd term (induced absorption), we takey'/((w; + € —
in PIC from pump-probe spectra, as this length is estimated @ — Qi)? + (v')?). The latter is slightly more complicated
from other methods to be in the order of 50 molecde®n than the standard situation considered in section fljraglves
the other hand, for the hotly debated example of the B850 ring three fermion frequencies, instead of one. However, after
in the light-harvesting complex (LH2) of purple bacteria, the transformation to the new variables the combinatiorf2, —
homogeneous line width is generally believed to be much larger, 2k, — L, yields one net term— e'l/\/N, just like it occurs in
even at low temperaturey/|J| ~ 0.538740 This leads to a  the ¢ function in eq 15, which allows for straightforward
saturation size of only about eight molecules, which means thatgeneralization of the standard approach. We then find

In this Appendix, we give the expressions for the pump
probe spectra after applying the smoothing method outlined in
section Il. We first consider the two-color pumprobe



6628 J. Phys. Chem. B, Vol. 103, No. 31, 1999
AOD(w,,w,) =

N
270

f dw’ f dw’, fpu(a)1 — ) ipr(w2 — w)) X

[1+ Oyl lttgic gl 27

X
T () — 0y — Qi+ Q) + 97

_N 5
ex;{—z(a)'2 — Q) H@ L(ws) —

20
I
— )

;{_N( 1Q-Q )2
exd— (o) + Q) — @), ~ |
26° Lo

2
|thgic | Y

X
— 20 + @ + Q)+

® L'(wy)| (27)

with L defined below eq 22 and the same Lorentzian witp
replaced byy'.
Applying the smoothing method to the short-pulse pamp
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