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Probing electronic coupling in excitonically coupled heterodimer
complexes by two-color three-pulse photon echoes

Tomáš Mančal and Graham R. Fleminga)

Department of Chemistry, University of California, Berkeley and Physical Biosciences Division, Lawrence
Berkeley National Laboratory, Berkeley, California 94720

~Received 16 June 2004; accepted 26 August 2004!

Following the earlier work of Yanget al. @J. Chem. Phys.110 ~1999! 2983# analytical expressions
for the downhill and uphill resonant two-color three-pulse photon echo peak shift~2C-3PEPS! of a
heterodimer system are derived in the impulsive limit. It is shown how to obtain information about
coupling between the components of the dimer from the combined one- and two-color peak shift
measurements. Further analytical relations are derived which enable site specific information about
the environment of the components, including the relative difference of the inhomogeneity and the
difference between the energy-gap correlation functions on the heterodimer sites to be obtained. The
simulations show only a very small influence of the laser pulse length on the measured values of
coupling coefficient and other relevant quantities suggesting that current 2C-3PEPS measurements
can find practical application in directly measuring couplings in excitonically coupled heterodimer
complexes. ©2004 American Institute of Physics.@DOI: 10.1063/1.1807816#

I. INTRODUCTION

During last two decades, ultrafast nonlinear optical spec-
troscopy has become a popular and powerful tool to investi-
gate processes in chemical and biological systems on the
picosecond and femtosecond time scale. The advantage of
such high time resolution has been quickly explored to yield
new insights into the dynamics of fundamental chemical and
biological processes.1,2 Recently, the possibility of obtaining
structural information from ultrafast optical spectroscopy has
been explored. Thus, several studies have explored the con-
ceptual similarities with NMR spectroscopy both experimen-
tally by achieving optical analogs of phase-coherent NMR
experiments3 and theoretically by establishing formal rela-
tions between NMR techniques and their optical counter
parts.4 In the infrared region, two-dimensional vibrational
spectroscopies have been achieved in pioneering experi-
ments by Hammet al.5,6 using dynamic hole burning and by
Hochstrasseret al.7,8 and Tokmakoffet al.9–11 utilizing het-
erodyne detected photon echoes. Motivated by the success of
NMR and ~2D! IR spectroscopies, recent efforts have fo-
cused on the means to establish two-dimensional optical
spectroscopies as a tool to learn about couplings between
chromophores in complex systems.12–15 In parallel with
these mostly theoretical investigations, several groups have
reported successful measurements of 2D spectra of dye mol-
ecules andJ aggregates.16–20

Two-dimensional optical experiments capable of reveal-
ing the full coupling network between different chro-
mophores require a heterodyne detection scheme and are
thus more difficult to perform in optical domain than, for
example, in the infrared. Alternative methods that avoid
these complications are clearly desirable. The three pulse
photon echo peak shift~3PEPS! measurement, for example,

uses a relatively simple detection scheme utilizing the inte-
grated signal intensity. In spite of the relative simplicity of its
detection scheme, the 3PEPS signal closely follows energy-
gap correlation function of the experimental system as it was
shown by Choet al.21 Recently a two-color version of the
experiment has been proposed22 and demonstrated.23 In a
two-color experiment on a strongly coupled dimer, the mea-
sured energy-gap correlation function is a ‘‘mixture’’ of the
corresponding correlation functions of the monomers. Thus,
using an appropriate analysis procedure one should be able
to decompose this mixture and isolate the mixing coefficient,
i.e., obtain the coupling between the components of the
dimer. Yang and Fleming22 showed that by combining results
from one- and two-color 3PEPS experiments it becomes pos-
sible to determine a coupling coefficient directly related to
the so-called mixing angleu known from the solution of a
coupled two-level system~see, e.g., Ref. 24!. They suggested
a simple formula which reads in the present notation

Cmn52 sin2 u cos2 u5
tmn* ,two

tmn* ,two1tm*
,one

, ~1!

wheretmn* ,two andtm*
,one represent the long population times

limits of the two- and one-color peak shift, respectively, and
the lettersm andn denote the single excitation states of the
excitonic ~i.e., dimer eigenstate basis!. The two-color peak
shift involves the transition frequencies between the ground
or doubly excited electronic states and both excitonic levels
um& andum& whereas the one-color peak shift includes just the
transition involving theum& state. The angleu is related to the
couplingJ and the level energieseA andeB by

tan 2u5
2J

eA2eB
, 0,u,p/2. ~2!

Recently, the first experimental utilization of Eq.~1! has
been reported in Ref. 23. It is the main goal of the presenta!Electronic mail: grfleming@lbl.gov
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work to generalize expression~1! for the case of a het-
erodimer, particularly for the case where the interaction of
the different components of the dimer is characterized by
different energy-gap correlation functions. We also investi-
gate the validity of the expressions for an experiment with
finite length laser pulses.

The manuscript is organized as follows. Section II sum-
marizes briefly the principles of the theoretical description of
third-order nonlinear spectroscopy. In Sec. III we discuss the
model of the heterodimer system previously introduced in
Ref. 22 assuming that the dimer is subject to solvent influ-
ence which differs for the two components, and derive an
approximate expression for the 2C-3PEPS signal. Further, in
Sec. IV, we rederive the peak shift expression of Ref. 22 in a
generalized heterodimer form. Additional expressions, which
yield insight into heterodimer parameters obtainable from
peak shift measurements, are also suggested. The results of
our simulations for a model solvated dimer are presented in
Sec. V. Finally, in Sec. VI, we draw our conclusions. General
expressions for the third-order response functions for case of
a two-color experiment are provided in the Appendix.

II. THIRD-ORDER NONLINEAR SPECTROSCOPY

The theory of third-order nonlinear spectroscopy is de-
scribed in Ref. 25. Here, we briefly review the basic formu-
las in order to establish our notation.

We assume a semiclassical radiation-matter interaction
Hamiltonian in a form

Hfield~ t !52VE~ t ! ~3!

with the transition dipole moment operatorV and an external
radiation field E(t) consisting of three noncollinear laser
pulses, such that

E~ t !5E~ t1T1t!eik1"r2 i v1~ t1T1t!

1E~ t1T!eik2"r2 i v2~ t1T!1E~ t !eik3"r2 i v3t1c.c.,

~4!

where E(t) is a slowly varying temporal envelope of the
incident laser pulses,v j and k j are thejth incident pulse
mean frequency and wave vector. The relative delays of the
pulses are set to bet andT.

Within standard time dependent perturbation theory, the
third-order nonlinear polarization is related to the third-order
response functionR(3) via the relation25

P~3!~ t !5E
0

`

dt3E
0

`

dt2E
0

`

dt1R~3!~ t3 ,t2 ,t1!

3E~ t2t3!E~ t2t32t2!E~ t2t32t22t1!. ~5!

The measured nonlinear signal is proportional to the square
of the amplitude of the induced polarization

S~ t !'uP~3!~ t !u2. ~6!

The response function is represented by a sum of the
contributions arising from different Liouville space
pathways25

R~3!~ t3 ,t2 ,t1!5u~ t3!u~ t2!u~ t1!S i

\ D 3

3(
i 51

4

@Ri~ t3 ,t2 ,t1!2Ri~ t3 ,t2 ,t1!* #,

~7!

whereu(t) is the Heaviside step function and the detailed
expressions for the contributions of Liouville pathways
Ri(t3 ,t2 ,t1) can be obtained in a standard way using the
cumulant expansion.25,26

The optical photon echo experiment is performed with
three noncollinear laser pulses with the echo signal detected
in the phase matching directionks5k31k22k1 . This ar-
rangement reduces the number of terms contributing to the
signal from Eq.~5!, allowing only those involving a single
field-matter interaction per pulse to contribute significantly.
Thus, the signal induced into the phase matching direction
exhibits a frequencyvs5v31v22v1 . In theoretical de-
scriptions this is usually accounted for by the rotating wave
approximation~RWA! ~a detailed discussion of the RWA is
given in Ref. 16!. The optical photon echo experiments in the
weak-field regime correspond to their NMR counterparts
with so-calledp/2 pulses in the strong field regime.4

The response function in the RWA is obtained in the
Appendix in terms of the line broadening functions

gab~ t !5
1

\2 E0

t

dt1E
0

t1
dt2^Ua~ t2!Ub~0!rg&, ~8!

whereUa is the interaction representation of the energy-gap
function

Ua5Ha2Hg2^~Ha2Hg!rg& ~9!

automatically satisfying the symmetries of the correlation
function and the laws of thermodynamics, e.g., the detailed
balance condition. Thus, we define

v2r~v!5C9~v!, ~10!

whereC9(v) is the Fourier transformation of the imaginary
part of the energy-gap correlation functionC(t). Using the
spectral density we define the reorganization energy

l5
1

p E
0

`

vr~v!dv ~11!

and two real functions

M 8~ t !5
1

pD2 E0

`

v2r~v!coth~b\v/2!cos~vt !dv,

~12!

M 9~ t !5
1

pl E
0

`

vr~v!cos~vt !dv, ~13!

whereb is the usual Boltzmann inverse temperature factor
1/kBT. Both M 8(t) and M 9(t) are normalized att50, so
that D25(1/p)*0

`v2r(v)coth(b\v/2)dv. The line broad-
ening function can be then rewritten as
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g~ t !5D2E
0

t

dt1E
0

t1
dt2M 8~t2!2 ilE

0

t

dt@12M 9~t!#.

~14!

Since M 9(t) and r~v! in Eq. ~13! are related by a cosine
Fourier transformation ~CFT!, we can write vr(v)
5lCFT21@M 9(t)#(v), where CFT21 denotes an inverse
cosine Fourier transformation. Thus,g(t) can be calculated
from a givenM 9(t) which prescribes its shape by specifying
a single parameterl and the temperature. Usually, one as-
sumesg(t) for a real system to be composed of several com-
ponents of different origin. Each component is characterized
by its own characteristic time dependenceM 9(t) and reorga-
nization energy,l. Thus, for the total density of states we
have

vr~v!5(
c

lcCFT21@Mc9~ t !#~v!. ~15!

In the following we will use the functionM (t)[M 9(t)
to describe different models forg(t). The quantitiesr~v!,
M 8(t), and g(t) are calculated using Eqs.~15!, ~12!, and
~14!.

III. TWO-COLOR THREE-PULSE PHOTON ECHO OF A
HETERODIMER SYSTEM

A. Model Hamiltonian of a heterodimer

In this section we closely follow the derivations from the
Ref. 22. We assume two coupled chromophoresA and B
represented by the two-level system depicted on Fig. 1~a!
with respective excitation energieseA and eB . Both mono-
mers interact with a bath. The system can be described by the
following Hamiltonian

H5 (
i 5A,B

Hi~q!Bi
†Bi1J~q!~BA

†BB1BB
†BA!

1Hbath~p,q!, ~16!

where Bi(Bi
†) are exciton annihilation~creation! operators

associated with the chromophorei 5A, B, satisfying commu-

tation relations@Bi ,Bj
†#5d i , j (122Bi

†Bi). The bath degree
of freedom are described by a set of coordinatesq and im-
pulsesp. We expand the exciton energyHi(q) and exciton-
exciton coupling energyJ(q) in powers ofq so that we can
write

H5He1 (
i , j 5A,B

qi j Bi
†Bj1Hbath~q! ~17!

with

He5 (
i 5A,B

e iBi
†Bi1J (

i , j 5A,B

iÞ j

Bi
†Bj ~18!

and

qi j 5S d i j

]

]q
Hi~q!uq501~12d i j !

]

]q
J~q!uq50D •q. ~19!

The coupling to the electric field of the laser is described in
the semiclassical approximation by polarization operator

V5 (
i 5A,B

di~Bi
†1Bi !, ~20!

wheredi , i 5A, B, are the transition dipole operators of the
monomersA andB.

Diagonalization of the electronic HamiltonianHe is a
simple two-level problem~see Ref. 24! and we arrive at new
eigenstates

um&5~cosuBA
†1sinuBB

† !u0&5Bm
† u0&,

~21!
un&5~2sinuBA

†1cosuBB
† !u0&5Bn

†u0&,

where the mixing angleu was defined in Eq.~2!. The com-
plete diagonal electronic Hilbert space of the problem con-
sists of the ground~vacuum! state u0&, the single excited
statesum& and un&, and the double excited stateue& defined as

ue&5BA
†BB

† u0&5Ye
†u0&. ~22!

In this representation we can write the Hamiltonian as

~23!

where the coupling of the electronic eigenstates to the
nuclear degrees of freedom of the system rewritten into the
new basis yields

qm5qAA cos2 u1qBB sin2 u,

qn5qAA sin2 u1qBB cos2 u, ~24!

qe5qAA1qBB .

The corresponding level structure can be found in Fig. 1~b!.
The polarization operator has the following form in the

new basis

FIG. 1. ~a! Heterodimer complex in monomer eigenstates representation,
with transition dipole momentsdA anddB and the excitonic couplingJEX .
~b! Heterodimer complex energy levels after diagonalization, i.e., in its elec-
tronic eigenstates. We assumeem.en throughout this paper.

10558 J. Chem. Phys., Vol. 121, No. 21, 1 December 2004 T. Mančal and G. R. Fleming
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P5 (
a5m,n

@da~Ba
†1Ba!1dae~Ba

†Ye1Ye
†Ba!# ~25!

with

dm5dA cosu1dB sinu, dme5dA sinu1dB cosu,
~26!

dn52dA sinu1dB cosu, dne5dA cosu2dB sinu.

In the remainder of the paper we assume that the term
H1 is negligible, so that all transitions between electronic
states occur only through interaction with the radiation field.
Thus for now, we restrict ourselves to the case of a nonreac-
tive system, and neglect electron-phonon coupling produced
relaxation between statesum& and un&.

B. Line shape function of a heterodimer

Unlike in Ref. 22 we now assume that different compo-
nents of the dimer experience different interaction with the
bath, resulting in different correlation functions related to
different monomeric states, i.e.,gAA(t)ÞgBB(t). We further
assume that the solvent dynamics are not correlated between
statesA andB.

If the system enables factorization into slow and fast
modes with respect to the experimental time scale, we can
write the line broadening functions as a sum of a slow
~static! and fast~dynamic! components

gi j ~ t !5gi j
s ~ t !1gi j

d ~ t !, ~27!

where the static component corresponds to the inhomoge-
neous contribution and reads

gi j
s ~ t !5 1

2D i j t
2, ~28!

with i, j 5A, B andD i j
2 5^qi

sqj
srg&. We defineDA[DAA and

similarly for B. We assume independent Gaussian distribu-
tions for bothA andB states. Straightforward generalization
of the approach from Ref. 22 allows us to express the inho-
mogeneities corresponding to the eigenstates of a the new
diagonalized basis in terms of the average inhomogeneity

D25~DA
21DB

2 !/2 ~29!

and the difference of the inhomogeneities on sidesA andB
as

dD25~DB
22DA

2 !/2. ~30!

In a very similar manner, we will handle the dynamic part of
the g(t) functions by defining an average

gd~ t !5~gA
d~ t !1gB

d~ t !!/2 ~31!

and difference line shape functions

dgd~ t !5~gB
d~ t !2gA

d~ t !!/2. ~32!

For the total averaged line shape function and the difference
line shape function

g~ t !5 1
2D

2t21gd~ t !, ~33!

dg~ t !5 1
2dD2t21dgd~ t !, ~34!

the application of Eqs.~24! yields

gmn~ t !5Cmng~ t !,

gmm~ t !5Cmmg~ t !1C̃1dg~ t !,

gnn~ t !5Cnng~ t !2C̃1dg~ t !,
~35!

gme~ t !5Cmeg~ t !1C̃2dg~ t !,

gne~ t !5Cneg~ t !2C̃2dg~ t !,

gee~ t !5Ceeg~ t !.

Here we introduced new coefficientsC̃1 andC̃2 and the rest
of the coefficients are defined as in Ref. 22

C̃15122 cos2 u,

C̃25112 sin2 u,

Cmn52 sin2 u cos2 u, ~36!

Cmm5Cnn512Cmn ,

Cem5Cme5Cen5Cne51, Cee52.

Now, we can study the influence of the difference in the
inhomogeneous broadeningdD2 and in the dynamical part of
the line shape functiondg(t) at the two sites on the peak
shift signal. We immediately see that the results of Ref. 22
should remain valid not only in case ofdg(t)50 but also for
case 122 cos2 u50, i.e., for case of degenerate monomer
energieseA5eB , regardless of the value ofdg(t).

C. Two-color peak shift signal

In an ideal impulsive measurement, the photon echo sig-
nal consists only of the contributions from the so-called
rephasing pathways.25 For two-color peak shift measure-
ments of our four-level system, the integrated signal is given
by

Stwo
ab ~T,t!'E

0

`

dtuR3
~agb!~ t,T,t!2R1

~aea!~ t,T,t!* u2,

~37!

wherea, b5m, n. The peak shift is defined by the relation

]

]t
Sab~T,t!ut5t

ab* ~T!50. ~38!

Since we definedum& and un& in such a way that we have
em.en , we call tmn* (T) and tnm* (T) downhill and uphill
peak shifts, respectively.

Further, we will consider the downhill peak shifttmn* (T)
only. The uphill version can be easily obtained by exchang-
ing indicesm and n in all equations. We will also omit the
argumentT in some formulas for brevity. The signal~37!
consists of three contributions

Stwo
mn ~T,t!'E

0

`

dt$uR3~ t,T,t!u21uR1~ t,T,t!u2

12 ReR3* ~ t,T,t!R1~ t,T,t!%. ~39!

Here we omitted also the upper indices. According to the
Appendix we can write down the contributions in terms of
the following function

10559J. Chem. Phys., Vol. 121, No. 21, 1 December 2004 Heterodimer complexes
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R0
mn~ t,T,t!5I mn~ t,t!exp$22@Pmm~ t !1Pmm~t!#%

3exp$22Cmn@P~t1T!2P~ t1T1t!

1P~T1t !2P~T!#%, ~40!

where the static contribution reads

I mn~ t,t!5exp@2Dmm
2 t22Dnn

2 t212CmnD2tt# ~41!

and Pab(t)@Qab(t)# denotes the real~imaginary! part of
gab(t), a, b5m, n. For the contributions of both Liouville
pathways involved in the peak shift signal we have

uR3~ t,T,t!u2'R0
mn~ t,T,t!, ~42!

uR1~ t,T,t!u2'R0
mn~ t,T,t!e2Pd~ t,T,t! ~43!

and the contribution resulting from the interference of the
pathways yields

2 ReR3* ~ t,T,t!R1~ t,T,t!

'2R0
mn~ t,T,t!3cos$2Cmn@Q~T!2Q~ t1T!#

22C̃2dQ~t!%ePd~ t,T,t!. ~44!

The functionPd is defined as

Pd~ t,T,t!52@dP~ t1T1t!1dP~T!2dP~ t1T!

2dP~T1t!#. ~45!

Now we apply a short time expansion21 in order to en-
able the integration overt. We use the same arguments as in
Ref. 22 to disregard the cosine term in Eq.~44!. In case we
can regard the term exp$Pd(t,T,t)% as a small modulation we
can write

Stwo
mn ~T,t!'E

0

`

dt R0
mn~ t,T,t!. ~46!

This expression differs from that one obtained in Ref. 22
only by presence of thedg(t) function in Pmm(t)@Pnn(t)#
and results in a final expression for the peak shift

tmn* ,two5
Cmn@D21 P̈~T!#

Ap@Dmm
2 1 P̈mm~0!#@Dnn

2 1 P̈nn~0!#1/2
. ~47!

Here, P̈(T) corresponds to the real part of the electronic
energy-gap correlation function25 @see Eq.~8!#. According to
Ref. 21, expression~47! should be valid for comparatively
long population timesT.

IV. INFORMATION GAINED FROM ONE- AND TWO-
COLOR EXPERIMENTS

Comparing the expressions for uphill and downhill peak
shifts we obtain~in analogy to Ref. 22!

tmn* ,two

tnm*
,two

5A Dnn
2 1 P̈nn~0!

Dmm
2 1 P̈mm~0!

. ~48!

This expression shows, that the ratio of the two-color peak
shifts should be approximately constant for longT. It also
provides the possibility of estimating the relative value of the
difference in the site energy distributions on sitesA andB at
zero population time. We define

b~T!5C̃1$dD21d P̈~T!% ~49!

which characterizes the difference between contributions to
the energy gap correlation function and a functionB(T) rep-
resenting the averaged correlation function

B~T!5Cmm$D21 P̈~T!%. ~50!

From the ratio of downhill and uphill two-color peak shifts

k5
tmn* ,two

tnm*
,two

, ~51!

we obtain

b~0!

B~0!
5

12k2

11k2
. ~52!

Thus, a difference in the downhill and uphill peak shifts
provides evidence for different static contributions~inhomo-
geneity! to the correlation functions for the two-monomer
sites.

Using our notation and the result of Cho,21 the one-color
peak shift can be written as follows

tm*
,one5

Dmm
2 1 P̈mm~T!

Ap@Dmm
2 1 P̈mm~0!#3/2

. ~53!

A comparison of the two one-color peak shift expressions
~53! reveals further information. Realizing that we can write

tm*
,one5

B~T!1b~T!

@B~0!1b~0!#3/2
~54!

and

tn*
,one5

B~T!2b~T!

@B~0!2b~0!#3/2
, ~55!

we arrive at

b~T!

@B~0!1b~0!#3/2
5

1

2
~tm*

,one2k3tn*
,one!. ~56!

The last expression shows that by proper weighting of the
one color peak shift measurements we can aquire informa-
tion about the differences in the energy-gap correlation func-
tions on sitesA andB of the heterodimer.

Now, following similar considerations to those in Ref.
22, using Eq.~48! and the one-color peak shift expression
~53! we obtain

tmn* ,two5
tmn* ,two

Cmn
2tm*

,one
tnm*

,two

tnm*
,two

1
b~T!

@B1b~0!#@B2b~0!#1/2
. ~57!

Because of the difference in solvation dynamics on sitesA
andB, we cannot proceed to derive the expression for coef-
ficient Cmn as the last term on the right-hand side is un-
known. But taking into account the result for the uphill two-
color peak shift,

10560 J. Chem. Phys., Vol. 121, No. 21, 1 December 2004 T. Mančal and G. R. Fleming
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tnm*
,two5

tnm*
,two

Cmn
2tn*

,one
tmn* ,two

tmn* ,two

2
b~T!

@B2b~0!#@B1b~0!#1/2
, ~58!

one can eliminate the last terms on the right-hand sides of
Eqs.~57! and ~58! by multiplying Eq.~58! by k and adding
it to Eq. ~57!. Finally, we isolateCmn and obtain the desired
generalization of Eq.~1!:

Cmn5
tmn* ,two

tmn* ,two1
1

2k
~tm*

,one1tn*
,onek3!

. ~59!

This is a symmetrized~with respect to downhill and uphill
peak shift! version of the expression already given in Ref.
22. We have successfully eliminated the difference of corre-
lation functions.

V. SIMULATIONS

The preceding section yielded several expressions which
should provide access to information about coupling between
the components of a dimer and provide quantitative insight
into the dynamics of its components directly from experi-
mental data. The most important quantity is the coupling
coefficientCmn of Eq. ~59! which allows access to the value
of the couplingJ provided the eigenstate energiesem anden

are known. Note that knowledge of the site energieseA and
eB is not required. Furthermore, the coefficientk of Eq. ~51!
provides information about the initial difference between the
correlation functions of both sides of the heterodimer. Essen-
tially, if k51 the correlation function, and subsequently also
the line shape functiong(t) is the same on both sites of the
dimer at time t50. The dynamical information about the
sites of the dimer can be obtained from Eq.~56! which re-
flects the difference of the correlation function between sites
A andB of the dimer as they evolve in time. Since the peak
shift closely follows the correlation function only at later
population timesT, we have to ignore the initial part of the
Cmn , k andb(T) dependence onT.

In Table I, we define the parameters of a set of model
dimer systems. We vary the parameters systematically to ob-
tain several well defined values of theCmn coefficient. We
denote the parameter sets by lower case lettersa to d. The
parameters are chosen with the monomeric transition energy

eB corresponding to 1 eV andeA51.2eB , the couplingJ is
chosen so that the resulting coupling coefficientCmn has
values 0.1, 0.2, 0.3, and 0.4.

In the following we will compare the generalized cou-
pling coefficient result~59! with the one given by Eq.~1! to
see if it indeed provides better results for the case of different
g(t) on the sites of the heterodimer. We assume the peak
shift to be dominated by the solvent dynamics so that we can
assume simple exponential and Gaussian forms for theM (t)
function.27

The Gaussian shape of the normalized correlation func-
tion is usually attributed to the inertial solvent motion. We
denote

Mg~ t !5expF2S t

tg
D 2G ~60!

where tg is the characteristic correlation decay time for the
Gaussian component. In the calculations we assumetg to be
around 100 fs. On a longer time scale the structural reorga-
nization of the solvent is usually described by one or several
exponential components so that we define

Me~ t !5expF2
t

te
G . ~61!

The coupling of the solvent modes is described by their re-
spective reorganization energieslg andle @see Eq.~15!#.

In Table II, we summarize the solvent parameters of
these simulations. We denote the different sets of parameters
for the g(t) by Arabic numbers for later reference.

A. Coupling coefficient

As a reference system we calculated all one-color and
uphill and downhill two-color peak shifts on a heterodimer
system with the same solvation correlation functions charac-
terizing both sitesA andB. We assume the transition dipole
moments of the monomer transitions to be the same, so that
the monomers differ only in transition energy~which allows
both of the one-exciton transitions in the dimer to be al-
lowed!. The resulting two-color peak shifts are identical due
to the symmetry in theg(t)’s, the same is true for the one-
color peak shifts. Thus, for the evaluation of the data we can
use both the Eq.~1! and the formula of Eq.~59! equally.

We calculated the peak shift for all the system param-
eters from Table I usingg(t) constructed from the parameter
sets 1 to 5 of the Table II. Figure 2 presents the results for the
correlation function parameter set 2 and laser pulse intensity

TABLE I. Coupling parameters of the heterodimer. We assumeeB51 eV,
eA51.2eB . The mixing angleu is defined as tan 2u52J/(eA2eB) and Cmn

52 sin2 u cos2 u.

Set J/eB u Cmn

a 0.0500 0.2318 0.1
b 0.0817 0.3425 0.2
c 0.1225 0.4431 0.3
d 0.2000 0.5536 0.4

TABLE II. Parameters of the correlation functionM (t). Set 1 corresponds
to the parameters from Ref. 22, set 2 is taken from Ref. 28, set 3 corre-
sponds to the solvation part of the correlation function from Ref. 29, and
other parameters set to represent typical experimental values.

Set lg (cm21) tg (fs) le (cm21) tg (fs)

1 0 0 200 100
2 100 60 100 1000
3 140 130 210 1000
4 100 60 210 500
5 140 130 100 500
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full width at half maximum~FWHM! of 10 and 30 fs. The
‘‘experimental’’ ~i.e., calculated from the values of peak
shifts! value of the coupling coincides here with the exact
one for the population timeT.100 fs. For clarity, we do not
show values calculated for smallT in Fig. 2. We could see
only a weak dependence of the converged result on the pulse
length. For all the other correlation functions from Table II
we have summarized the results in Table III. We present only
results forCmn50.4 which usually show the largest error
~compare Fig. 2!. With increasing FWHM of the pulses we
observe a slight increase in the value ofCmn extracted from
the simulated data. From these calculations we can conclude
that the Eq.~1! indeed preserves its validity even for finite
duration laser pulses. Equation~1! becomes more accurate
for systems with long components in their energy-gap corre-
lation function.

Now we turn our attention to a true heterodimer. We
suppose the same dimer parameters, only the correlation
functions characterizing the bath dynamics on different sites
of the dimer are now assumed to be different. In Fig. 3, we
take parameter set 3 for siteA and set 5 from Table II for site
B. The coupling coefficient is calculated according to Eqs.
~1! and ~59!. Clearly, the symmetrized formula gives a sig-
nificantly better result in this case. Equation~1! significantly
underestimates the coupling. The dependence of the results

on the laser pulse length was again found to be very weak. In
Table IV we present the values ofCmn obtained for sets 3-4,
3-5, and 4-5 forCmn50.4. In general, the results are very
close to the exact value, thus our calculations confirm the
applicability of the 2C-3PEPS method for determining elec-
tronic coupling in excitonic dimer complexes.

B. Reconstruction of the correlation function

Since the results for coupling coefficient are very good,
we may hope that the other equations from Sec. IV also
contain valuable information. Equation~52! promises to give
an estimate of the ratio between the difference of the initial
inhomogeneity and the averaged initial inhomogeneity. In
Fig. 4, we present the ratio of downhill and uphill peak shift
k, as a function ofT for three different parameter sets. Since
the ratiob(0)/B(0) in Eq. ~52! includes the coefficientsC̃1

and Cmm the value ofk depends on the coupling strength
between the monomers. We know theCmn coefficient from
the earlier discussion, so that we can calculate the experi-
mental value of theb(0)/B(0) ratio and compare it with the
known input value. The results of this calculation using data
in Fig. 4 are summarized in the Table V. We have chosen two
distinct sets of parameters forgA(t) andgB(t) so thatb(0)
.0 ~Fig. 4 curvesa! andb(0),0 ~Fig. 4 curvesb!. Corre-

FIG. 2. Coupling coefficientCmn as a function of the population timeT for
the case where the correlation functions are the same on bothA andB sites
of the dimer. We use an energy-gap correlation function given by set 2 of
Table II, and laser pulse intensity FWHM equal to 10 fs~circles! and 30 fs
~triangles!. The exact value of the coupling coefficient is shown by a hori-
zontal full line.

TABLE III. Values of the coupling coefficient calculated from the one- and
two-color peak shifts for the system with correlation functions from Table II
same on bothA andB sites of the dimer. The laser pulse FWHM have been
taken as 10, 20, 30, and 40 fs and the exact value of theCmn is equal to 0.4.

Set

Coupling coefficientCmn

Laser pulse FWHM

10 fs 20 fs 30 fs 40 fs

1 0.4310 0.4323 0.4346 0.4351
2 0.4072 0.4074 0.4080 0.4086
3 0.4126 0.4150 0.4180 0.4219
4 0.4169 0.4205 0.4255 0.4329
5 0.4249 0.4259 0.4319 0.4393

FIG. 3. Coupling coefficientCmn as a function of the population timeT for
a dimer with differing energy-gap correlation functions for theA andB sites
of the dimer. We use correlation functions given by set 3~dimer siteA! and
5 ~dimer siteB! of Table II, the laser pulse intensity FWHM is 10 fs. The
values obtained using Eq.~59! are shown with circles, and the values from
Eq. ~1! with triangles. The exact value ofCmn is given by the solid lines.

TABLE IV. Values of the coupling coefficient calculated from the one- and
two-color peak shifts for the system with correlation functions from Table II
different betweenA andB sites of the dimer. The laser pulse FWHM have
been taken as 10, 20, 30, and 40 fs and the exact value of theCmn is equal
to 0.4.

Sets

Coupling coefficientCmn

Laser pulse FWHM

10 fs 20 fs 30 fs 40 fs

3-4 0.4142 0.4169 0.4208 0.4252
3-5 0.4118 0.4146 0.4193 0.4248
2-4 0.4116 0.4134 0.4116 0.4204
2-3 0.4087 0.4088 0.4118 0.4147
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spondingly, k.0 and k,0, respectively. The comparison
shows that the values recovered from the peak shifts are very
close to the exact values, with a relative error less then 20%
in all cases. We can conclude that the ratio of two-color peak
shifts for longer population timesT will indeed allow deter-
mination of the relative difference of inhomogeneity in the
two sites of the heterodimer.

The difference of energy-gap correlation functions on
sitesA andB can be further examined utilizing Eq.~56!. In
Fig. 5 the exact and theoreticalb(T) are compared by scal-
ing them to the same magnitude. Again,b(T) depends on
mixing angleu. In Fig. 5 we have fitted theb(T) for Cmn

50.4. For other values ofCmn the full line can just be scaled
by the corresponding factor. We can immediately see, that
Eq. ~56! gives the correct time dependence for population
times longer than 200 fs. Knowingb(T) and the mixing
angleu ~from Cmn) we can construct the correlation func-
tions of the component monomers for times greater than 200
fs.

VI. CONCLUSIONS

In this manuscript we propose an expression~59! to
measure the coupling between components of excitonically
coupled heterodimer complexes. We showed that two-color
photon echo peak shift measurements provide information
about the difference in initial value of the energy-gap corre-

lation functions for the two components of the dimer@see Eq.
~52!#. Also, we suggest that by proper weighting of one-color
peak shift measurements~56!, one may obtain insight into
the two-correlation functions at larger times and thus to mea-
sure the differences between the environments interacting
with different components of the dimer. The simulations
show that the method is robust with respect to the length of
the laser pulse used for measuring the one- and two-color
peak shifts.
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APPENDIX: GENERAL MULTICOLOR PATHWAYS
EXPRESSION

We assume a molecular system withN electronic levels
coupled to a set of vibrational degrees of freedom. The
whole system is described by a Hamiltonian

H5Hg~q!ug&^gu1 (
a51

N21

Ha~q!ua&^au, ~A1!

whereq denotes the vibration coordinates. Before being sub-
jected to the action of external laser field, the system is in its
electronic ground state, i.e.,r(2`)5rgug&^gu. The interac-
tion of the molecular system with the electric field is de-
scribed by a Hamiltonian of the form of Eq.~3! with a dipole
operatorV that allows transitions among electronic levels.
We assume the Condon approximation, so thatV is indepen-
dent of the vibrational coordinates. If we define the dipole
moment operator in interaction representation as

V~t!5exp~ iHt /\!V exp~2 iH /\!, ~A2!

the four Liouville pathways from Eq.~7! can be written as

FIG. 4. The ratio of downhill to uphill two-color peak shiftsk as a function
of population timeT. ~a! shows the case ofk.1, with sets 2~site A! and 3
~siteB! from Table II, ~b! shows the case ofk,1, with sets 3~siteA! and 5
~site B! from Table II. The values of the coupling coefficient are 0.1
~circles!, 0.2 ~squares!, 0.3 ~diamonds!, and 0.4~triangles!.

TABLE V. Comparison of the ratiob(0)/B(0) calculated from the simu-
lated k coefficient with the exact input valuesb(0)/B(0)uexact

5C̃1dC(0)/CmmC(0).

Set k b(0)/B(0)uexact b(0)/B(0)

2-3 1.3745 20.2711 20.3077
2-3 1.3531 20.2640 20.2935
2-3 1.3145 20.2464 20.2668
2-3 1.2409 20.2038 20.2125
3-5 0.7979 0.1864 0.2220
3-5 0.8044 0.1804 0.2146
3-5 0.8223 0.1684 0.1932
3-5 0.8562 0.1389 0.1540

FIG. 5. Comparison of the exact time dependence of theb(T) function with
that one recovered from the peak shift measurements. We scaled the exact
difference of the correlation function~full line! so that it fits the case for
Cmn50.4 ~triangles!. For other values ofCmn 0.1 ~circles!, 0.2 ~squares!,
and 0.3~diamonds!, we can rescale the full curve using Eq.~56!. In part~a!
we use parameter set 3 from Table II for siteA and parameter set 4 from
Table II for siteB. Similarly, in part~b! we use parameter sets 2 and 4 from
the same table.
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R1~ t3 ,t2 ,t1!5F~ t1 ,t11t2 ,t11t21t3,0!, ~A3!

R2~ t3 ,t2 ,t1!5F~0,t11t2 ,t11t21t3 ,t1!, ~A4!

R3~ t3 ,t2 ,t1!5F~0,t1 ,t11t21t3 ,t11t2!, ~A5!

R4~ t3 ,t2 ,t1!5F~ t11t21t3 ,t11t2 ,t1,0!, ~A6!

where

F~t1 ,t2 ,t3 ,t4!5^V~t1!V~t2!V~t3!V~t4!r~2`!&.
~A7!

For a system with more than two levels each individualF
function consists of several contributions from different tran-
sitions between the levels. Thus, the function~A7! can be
built as a sum of the contributions of the type~see Refs. 25
and 16!

Fabc~t1 ,t2 ,t3 ,t4!

5dgadabdbcdcg^Gga~t1!Gab~t2!Gbc~t3!Gcg~t4!rg&
~A8!

whererg is the ground state density matrix and

Gga~ t !5exp1S 2
i

\ E
0

t

Ua~t!dt D , ~A9!

Gab~ t !5exp2S i

\ E
0

t

Ua~t!dt D
3exp1S 2

i

\ E
0

t

Ub~t!dt D . ~A10!

HereUa(t) is aÞg is the energy-gap function~9!. Indicesa,
b, andc denote states in theN-level system. Since the system
is in its ground state initially, the indicesa andc in Eq. ~A8!
cannot represent the ground state, i.e.,a, cÞg. The actual
form of the contributions to theF function depends on the
form of the dipole operatorV and on the frequencies of the
external laser field.

In our electronic four-level system with a ground state
ug& and excited statesum&, un&, and ue& as depicted in Fig.
1~b!, the F functions ~A7! consist in general of two terms.
Since bothum& and un& states reside in a similar spectral re-
gions and the doubly excited stateue& can be reached only
via these states, the situation is very similar to that one of a
three-level system~see Ref. 16!. Assuming the transition fre-
quenciesvmg andvng are different enough, so that the laser
can be resonant with only one transition at a time, only one
term from eachF function is not negligible; for example, for
R1 pathways, first two interactions with the laser on fre-
quencyvmg bring the population to the statem while the last
interaction could, in general, cause a transition to the ground
stateug& or to theue& state. But since the last pulse is reso-
nant with the transitionum&→ue& only, the contribution lead-
ing into ug& is negligible. Thus, we obtain

R1
~mem!~ t3 ,t2 ,t1![R1~ t3 ,t2 ,t1!

5Fmem~ t1 ,t11t2 ,t11t21t3,0!, ~A11!

R2
~mem!~ t3 ,t2 ,t1![R2~ t3 ,t2 ,t1!

5Fmem~0,t11t2 ,t11t21t3 ,t1!, ~A12!

R3
~mgn!~ t3 ,t2 ,t1![R3~ t3 ,t2 ,t1!

5Fmgm~0,t1 ,t11t21t3 ,t11t2!, ~A13!

R4
~mgn!~ t3 ,t2 ,t1![R4~ t3 ,t2 ,t1!

5Fmgm~ t11t21t3 ,t11t2 ,t1,0!. ~A14!

In case of an uphill peak shift, where first two laser pulses
have frequencyvng we have to exchange indicesm andn.

Using the second order cumulant expansion25 and the
line shape functiongab(t) of Eq. ~8! we obtain

Fabc~t1 ,t2 ,t3 ,t4!

5dgadabdbcdcg

3ei ~vgat1vabt21vbct31vcgt4!2 f abc~t1 ,t2 ,t3 ,t4!, ~A15!

where

f abc~t1 ,t2 ,t3 ,t4!

5gaa~t12t2!1gbb~t22t3!1gcc~t32t4!

2gab~t12t2!1gab~t12t3!2gab~t22t3!2gac~t1

2t3!1gac~t22t3!1gac~t12t4!2gac~t22t4!

2gbc~t22t3!1gbc~t22t4!1gbc~t32t4!. ~A16!

For expressions whereb equalsg it is enough to note that
gag(t)50 for any a. Following the above discussion, one
can, in principle, derive the necessary pathway contributions
for any N-level system.
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