Two-exciton spectroscopy of photosynthetic antenna complexes:
Collective oscillator analysis
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The linear and third-order polarizabilities of the light-harvesting antennae of photosynthetic bacteria
and green plants are calculated using an equation of motion approach which maps the system onto
a coupled set of anharmonic excitonic oscillators. The oscillator representation is shown to have
several advantages over the traditional picture based on properties of individual global eigenstates
of the aggregate; besides a considerable reduction of computational effort, the dynamics of
excitations in the two-exciton band is conveniently analyzed in terms of single-exciton Green’s
functions and the two-exciton scattering matrix. 1®96 American Institute of Physics.
[S0021-960606)04142-9

I. INTRODUCTION probe study of site-directed mutants of the LH2 Rb.
. ) sphaeroidesat 77 K? It was found that with increasing blue
The primary processes of photosynthesis, the capture @ﬁift of the B850 band relative to the unchanged B800 band
sun light, and the subsequent conversion into chemical enpe transfer becomes faster, as predicted bgtees theory.
ergy, constitute the very basis of all life. The high efficiency  the structure of green plants antenna complexes lacks
and flexibility of theses processes, which take place in greefho high symmetry found in LH1 and LH2. Electron diffrac-
plants, photosynthetic bacteria, and certain algae, make them)n on two-dimensional crystals of the Chlb containing

ztr:ulcntglrgallﬂggtasg?\?::i&?s S;gg?d?;;;g% ' ar;:?ehnrzzssglrﬁglr;xeccsﬁmplex related to photosystem(LLHC-I) revealed twelve
. . lorophyll moleculeg7 Chl hi rran in tw
became availabl&:* The possibility to unravel the relation- orophyll molecules7 Chla, 5 Chi b) arranged in two

. : . . _layers within the thylakoid membrafeln contrast to the
ship between microscopic structure and optical response trIq)_acterial antennae the current resolution of 3.4 A does not
gered a host of spectroscopic investigations. :

allow the determination of orientations of the transition di-

One of the most extensively studied systems is the an_oles in the membrane. Hence the simulation of the linear
tenna complex of purple bacteria. In many cases one cal '

distinguish between a core antenfidd1) surrounding the al_)sorption spectrum of LHC-II becomes more involved as
reaction center and an outer antert#i2), both having a will be shown below. The low temperature spectrum shows

circular symmetry. To date, high resolutid@.5 A) data, 'e€ rélajor peakshlat abohut 650 r(mhll b), 675 nm(Chl
which allow for a clear assignment of protein and pigment®): @nd 676 nm(Chl a). The time scales found for energy

molecules, are available for the LH2 Bhodopseudomonas transfer between the Cli and Chla pigmeg)t pools usirllg
(Rps.) acidophild only. Using these data and a fit of the h® PUmp-probe technique range from 500 f® 150 fs.

linear absorption and circular dichroism lineshapes, K. Sauefansfer times of 500 f and 250 15° have been derived
and coworkerd recently proposed interaction energies pe-from uItrafa;t fluorescence measurements. Very. recently a
tween pigments as well as molecular transition energies. The°MpPrehensive study of the energy transfer covering a broad
LH2 exhibits two distinct absorption maxima in the spectralSPectral range clearly demonstrated a multitude of time
region between 800 and 900 nm. In the wild-tyRaodo- scales from several hundred femtoseconds to some tens of
bacter (Rb.) sphaeroidedor instance, these are located at picoseconds’
about 800 nm(B800) and 850 nm(B850). The position of With the advent of ultrafast nonlinear optical spec-
the B850 band, however, can be experimentally varied bjroscopies the dynamics of excitons in molecular aggregates
means of site-directed mutagenesiEhe structure of LH1 is has attracted considerable attention. Phenomena arising upon
known only to a 8.5 A resolution, indicating the overall sym- @ggregation, such as exciton cooperativity and two-exciton
metry of the compleX.The relevant absorption maximum of resonances, have been discussed in great detail for dye-
this core antenna is typically at about 875 B875). aggregatese.g., the J-aggregate pseudoisocyatinand
Various ultrafast spectroscopic techniques, such as ona€ry recently for photosynthetic antenna systémsygre-
and two-color pump-probétime-integrated two- and three- gates made of multi-level molecules show two types of two-
pulse photon echd,and transient gratifighave been em- exciton states. The first originates from intramolecular tran-
ployed in order to determine the relevant time scales fositions and exists also in the monomer. We shall denote these
exciton motion in the antenna complex, which range frommolecular double excitation€MDE). The second type are
about 0.7 pgB800— B850 to 2.6 ps(B850 — B875 at  delocalized excited states whose oscillator strength is in-
room temperature. The role of the spectral overlap betweeduced by the intermolecular dipole—dipole interaction, which
the B800 and the B850 bands for the excitation energy transzan become rather strong for the observed distances between
fer has been highlighted in a subpicosecond one-color pummertain pigments of about 8—10 A. They will be denoted
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collective double excitationfCDE). Depending on the ag- pressed in terms of exciton creation and annihilation opera-
gregate geometry and energetics MDE and CDE can beors, b', and b,;, which obey the Pauli-commutation
strongly mixed. We shall refer to the entire two-exciton relations
manifold in the aggregate, representing the coupled MDE
and CDE, as the t?/\?o-gxciton bpand. ° P [Bn ’b;’f’]: S Bt/ (1= 2byibiny), 2.3
The importance of the incorporation of MDE of the and are defined by their action on the ground statg, as
BChl a monomers in the interpretation of pump-probe datablf|on):|fn)_ Here f=(1,2) denotes the excited states of
obtained forRb. sphaeroidesvas recently emphasized by then-th molecule 6=1...N). The electronic transition ener-
Sundstfa and coworkerd® The possibility of singlet ex- gies (with respect to the ground statarehﬂg). Exciton
cited state absorption has also been discussed for the LHC-djynamiCS in molecular aggregates is genera"y Subject to
system:***!” The interplay between MDE and CDE was various relaxation and dephasing processes. We will neglect
recently studied for linear aggregatés. pure dephasing and consider a finite excited state lifetime as
From the theoretical point of view, the description of the the only source of line broadening at this point. The inverse
nonlinear optical response by means of equations of motiolifetimes of the $ and S states will be denoted ag”) and
for a set of relevant exciton variables has proven to be ad7g2)' respectively. Transition frequencies and inverse life-
vantageous compared with, for instance, a sum-over-statggnes will be combined in the complex frequencies,
(SOS approach, which is based on a complete knowledge ofy(f) — o () _; NOB
the global eigenstates of the system. An intuitive picture " 110 "Erenkel Hamiltonian is given by
emerges in which the aggregate is viewed as a collection of
coupled driven anharmonic oscillatdfsThis approach fur- H'=Hy+Hg_q, (2.2
ther results in a considerable reduction of the numerical ef,
fort. It becomes particularly attractive when only a few os-
cillators dominate the optical response. This enables us to . =t
investigate larger aggregates such as the photosynthetic an- Ho_n,f;“lyz) Ay Barbn 23

tenna co_mplexes. e . ,..andH/_, is the intermolecular dipole—dipole interaction. We
In this paper we apply the excitionic oscillator Green’s e .
assume that both transition dipoles of each molecule are par-

function approach to the analysis of two-exciton dynamlcsaIIeI and oriented along the unit vectr, . The molecular

and their spectroscopic signatures in pigment-protein com- A .
b P g P19 P ipole operator then has the fordp= w,d,,, and the inter-

plexes of photosynthetic antennae. Our primary goal is tc§i lecular dipole—dinole X Zd
highlight the relation between antenna geometry and energef?0'ecular dipole—dipole interaction operator reads

ics and its two-photon spectroscopy using a rigorous theo-

retical model. In Appendix A we show how the Hamiltonian ~ Hd-a= % Bmndmdn , (2.9
representing an aggregate of multi-level molecules can be

recast in terms of coupled anharmonic oscillators. In Sectiofvith the dipole operator

Il we use this representation to calculate the first- and the — (10t 2yt t

third-order polarizabilities of aggregates made of three-level n=#n (D1 Bn1) + ™ (Drbng +bnybra), @9
molecules having an arbitrary geometry. The optical suscepand the orientational factor given by

tibilities are given in terms of single-exciton Green’s func-
tions and the exciton—exciton scattering matrix. We further
compare the excitonic oscillator picture with the standarcdHerer ,,,=|r,,—r,| is the distance between theth and the
sum-over-state§SOS approach which is based on the glo- n-th molecule, and ,, is the corresponding unit vector.

bal aggregate electronic eigenstates. Numerical results for Below we present the coupled oscillator representation
the two-photon absorption spectrum are presented in Sectidar the nonlinear optical response of this aggregate. This is a
1. We first study a dimer to illustrate how different reso- direct extension of our previous calculations for two-level
nances show up in the Green’s function expres$®RE).  molecule4’ to include a third intramolecular leveli.e.,

We next apply our model to the LH2 and LHC-II antenna MDE). The level scheme of each molecule can be repre-
complexes and analyze the two-exciton spectroscopic feaented using an excitonic oscillator as shown in Appendix A.
tures. The results are summarized in Section IV. To that end we introduce creatigannihilation operators,

Bﬁ (B,), which generate the oscillator states and satisfy the
following commutation relationfsee Eq.(A7)]:

ith the monomer contribution

an:[[Lm'[Ln_?’an',&mfmn',&n]/rﬁm- (2.6

Il. EXCITONIC—OSCILLATOR PICTURE FOR
COUPLED MULTI-LEVEL MOLECULES [Bm,Bl1= 81— (2—k2)BIB). 2.7

We consider an aggregate made Mfmolecules each Here we introduced the parametey, representing the ratio
described by three electronic stateg S, and $°*. We  between the transition dipole moments fo;-$ S, and
assume that only the,S> S; and the $— S, transitions S;— S; transitions(see Table)l Excited molecular states are
have finite matrix elements of the transition dipole momentobtained by successive application&jf to the vacuum state
denoted byu{!® and u{*Y. The molecules interact via |0,). Using Eq.(2.7) one has for the normalized molecular
dipole—dipole interaction. The Hamiltonian will be first ex- states
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TABLE I. Correspondence between the parameters of the Frenkel Hamil- (b)
tonian[Egs.(2.3) and(2.4)] and the oscillator HamiltoniafEgs. (2.9 and (a)
(2.10]. A, is chosen to reproduce the lifetimes for thestates.

Oscillator Hamiltonian Frenkel Hamiltonian
Oscillator frequency 1O, QM l I l

Nonlinearity gn 21(QPk;2— QD)
Inverse lifetime $ r, »

(c)

Ay —2(1PK, 2=T)
Transition dipole §— S; n w10
Ratio transition dipoles Kn w00 m .
Hopping matrix(S;) N Bty O
FIG. 2. Possible resonant energy transfer processes in a dimer made of
three-level molecules.
10.),  |1.)=Bl0.), [2.)=x;(BH?20,), introduce the quantith,=#Q - 240" to denote the an-

harmonicity of each oscillator. Using the oscillator Hamil-

where|1,) and|2,,) represent the stateg 8nd S of thenth tonian parameters we have, = k2g,/2+ (k2— 2)hQ, .

mOI?JCl;rl]e' th variables the Hamiltonian is now written in We note the following two limits of our excitonic oscil-
the fosrmg e56 VTIabies The Tamionian 15 1o 1 M ator model. Fork,=0, the S— S, transition is forbidden

and we recover the model aggregate of two-level
H=Ho+Hg_q, (2.8 molecules’® When x,=2 andA,=0, the system is har-
monic and the third-order nonlinear optical response van-

with . . . ; :
_ ishes identically. This results from interference between
_ ~ 4 In Lti2n 2 “two-level” contributions involving states $and § alone
HO_; 7B Byt 2 (Bn)*(Bn)™, (29 and “three-level” contributions which also include.¥ The
d two sources of nonlinearities in the present model are there-
an

fore the anharmonicity\,, and the deviation of,, from the
: harmonic oscillator valug/2. In molecular crystals and ag-
Hmf% [ImnBmBn+c.cl. (210 gregates such as the antenna complexes, the transition ener-
_ gies are large compared with the intermolecular coupling.
HereQ,=Q,—iT,, 9,=0n+i%A,, Jnnis the hopping ma- We further assume that, is small compared to the elec-
trix, and the molecular dipole operator is taken to be linear intronic transition energies. Thus only the resonant processes
the new operators, shown in Fig. 2 give significant contributions ky_4. We
s -y have energy transfer involving the,-State[Fig. 2(@)]. The
dn=an(Bn+Bp). (213 presence of higher excited states leads to energy transfer in-
The new parameter,, u,, andg, as well as the ratio Volving the §- and $-stategFig. 2b)]. The process shown in
k, may be expressed in terms of the transition energies anig. 2¢ can result in exciton—exciton annihilation provided it
the transition dipole matrix elements, which characterize thés followed by a fast internal conversion o} & §;.

system according to Eg$2.3) and (2.5) for a given geom-

etry. This is done by comparing the relevant matrix eIementéE“)'(Eggg\;'gmg Sgé\ﬂggéogperTgA%iEEEs,\écs) l'\:lgENCﬂON
of Hy andH as well as the molecular dipole operators. All

the parameters of Eq§2.9) and(2.10 are uniquely defined To calculate the nonlinear optical polarizabilities of our
by the parameters of the original Hamiltoniéh?2) and are  system we need to introduce its coupling with the radiation
listed in Table | and illustrated in Fig. 1. In Fig. 1 we also field. The total Hamiltonian becomes

Hio(t)=H+Hg(1), (3.1
where the aggregate Hamiltoniad, is given in Eq.(2.8),
2) and the coupling to the classical external figlf,t) is
L __ A
hQP T u, ; He()=—3 doE(F, ). (3.2
y MK
I1) JA' e We will calculate the response to third order in the external
(1) (10) ; field using the equation of motion approa@hn general the
hQ, Mo hQ, | u, dynamics of one-exciton variabld®,) is coupled to the
0y —  ~ higher-order exciton variable¢B! B,) and (B! B,B,). It

was shown in Ref. 19 that in the absence of pure dephasing

i : ; T _/pt
FIG. 1. Mapping of the three-level Frenkel modtft) onto the excitonic ~ ON€ can invoke the faCtonzanor(smBn)f{Bm><Bn> a_nd
oscillator modeKright). (Bl B,.B,)=(B!)(B,B,). Apart from additional contribu-

J. Chem. Phys., Vol. 105, No. 19, 15 November 1996

Downloaded-08-Mar-2001-t0-128.151.176.185.-Redistribution-subject-to~AlP-copyright,~see-http://ojps.aip.org/jcpo/jcpcpyrts.html



Kuhn, Chernyak, and Mukamel: Spectroscopy of photosynthetic antenna complexes 8589

tions to the line broadening, pure dephasing also requires The formal structure of Eqg3.3) and (3.4) has been
extending the equations of motion to include additional dy-investigated previousl§? Following Ref. 36 we express the
namical variabled®>!°?3In general pure dephasing due to the optical response in terms of the one-exciton Green’s func-
coupling between exciton dynamics and phonon modes difon,
the environment cannot be neglected in photosynthetic an- 1
tenna complexes. In order to investigate the principal spec- Cmn(@) =[f@=Nlgyy. (3.10
troscopic signatures of the two-exciton band in structurallyThe linear susceptibility then reads as
different aggregates, however, we will neglect such pro-
cesses in the following discussion. This is Justlflgd, for in- Y (— 0 0y)=— > . :“ml[Gm my(@1)
stance, at low temperatures, where the fluctuations of the mgmg ° s
environment are approximately frozen in. Hence we need to LGE  (—wy)] (311
consider only the evolution of the two-exciton variable Mgmy 10 :
(BmBy) in addition to the single exciton variableB,).  anq for the third-order susceptibility we obtain
The resulting equations of motion are

X(S)(—ws;wl,wz,wg)

d
'ha<Bm>_2 hmn<Bn> 1
n ~ 76 2 MmMLm, Mm, Mmg
perm mgm;moms
=(Bi 2 [ %mnxi (BiB)) _
"o X 2, Gyl ©8) G, (— @2) T @1+ 03)
+Zmnxl (B Ei() +Ex()(B) 1], 3.3 o
q XGnml(wl)Gnma((l)g)‘l‘C .C. (312
an
Here ws= w;+ w,+ w5 and ¢.c’. stands for complex conju-

gation and changing of the signs of all frequencies
o;— —wj (j=1,2,3). perm denotes the sum over all permu-
tations of pairs f;, ;). All information about MDE and
- — CDE is included in the scattering matrl{ ). Due to the
= SnkOn1— 7, Bl E (1) +E(t))(B))).

% (Bmidni=7mnja) (BB (1) + E(1)(B) local nature of the commutation relatio(&7), this matrix is
(3.4 hota tetradidN?x N? but aNXxX N matrix,

. d _ )
Iﬁa(Ban>—% ('—%mn,kl+7émn,kl)<BkBl>

Here we defined the matrices T @) =[F(@) i (ho+T,) k53— 2k o], (3.13
~ with
hmn= Omt Qmt Jmn, (3.5 ) _ ,
pu Frn(w)= 5mnKm_[(hw+gm)Km_Zhw]:fmn(w):
T mnki = Nmkdni + Smnr (3.6 (3.19

1 . ) and the zero-order two-exciton Green’s function is given
////mn,klz5mn_[5mk5anmgm+(Km_z)-ymn,kl]v (3.7 bylg

(o= d(l), ! ’
and ?;mn(w):J'ﬁGmn(w )Gmn(w—o'). (3.19
2
Pkl = 5mn5mk5m( 1— ﬁ) (3.9 An important limit of Eq.(;%.lz is the Ipcal field approxima-
' 2 tion (LFA). In the equations of motion language the LFA

, , I implies a factorization of the intermolecular two-exciton
We have introduced the notatidB,(t)=unE(rn,t). Note  \aranied (BmBn) =(Bm)(Bn)(1— 8ym) +(BmBm) S~ In-
that the resonant energy transfer betwegar®l $ (Fig. 1b serting this into Egs(3.3 and (3.4) yields the following

does not cpntribute to the third-or.der signal. . approximation for the scattering matrix:
Assuming that the aggregate is small compared with the

optical wavelength, its optical response is determined by th?—LFA
expectation value of the polarization operator™ mn
PzEn,un(BH B,). The optical susceptibilities are then de- )
fined by o | Km A

h o—2Qn+ALlR)+iy

f
(w)= 5mn§(w_20m)

0 2
BE (Km_2) .
P(0)=x"(—0;0) 21+ X' P (- w5;01,02) 17 "
(3.16
The structure of the two-exciton scattering maffgq. (3.13
Here, Z; is the amplitude of thg-th mode of the field or (3.16] reflects the roles of statistics and anharmonicities

with frequencyw; . in the optical nonlinearities. Obviousl¥( ) reduces to the

+X(3)(—ws;wl,wzyws)gigéga"'"'- 3.9
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two-level limit with Pauli statistics £,=0)?? as well as to  with ', (w) given by Eq.(3.13. The oscillator transition
the limit of three-level anharmonic oscillators with Bose sta-dipole matrix elements are given using the one-exciton
tistics (k,= 2, anharmonicity\ ,=g,,). The latter case has eigenstates,
been used to treat excitons in coupled two-level systems as
soft-core boson&’ Double occupation of an excited state is =2 tm{m|a). (3.23
discouraged by means of a repulsive potential in the Hamil- m
tonian Eq.(2.9), with strengthg,,. In the limit g,—, the
exciton scattering matrix for Paulionisard-core bosonss
recovered?®
The advantages of the excitonic oscillator compare
with the SOS-approach have been demonstrated e&tlier.
For aggregates consisting of coupled three-level m°|ex(3335(—ws;w1,wz.w3)
cules the SOS-method requires the calculation of
2N+ (N—1)N/2 eigenstates, i.eN more than in the two-
level case. On the other hand, in the GFE the third level
merely leads to a modification of the scattering matrix retain-
ing its NX N dimensionality. Hlgg(wy)]- E
In order to analyze the numerical results obtained from &gt 6

Equation(3.21) provides a convenient way to trace the origin
of different resonances, i.e. the Green’'s functions and
(w), which interfere to givey®®. For comparison we give
he third-order susceptibility using the SOS-representdfion,

1
=62 2 gl uge Pl @915 g(— w2)[leg(w3)

perm g¢’

E 2 Mgelettie Le'g

perm gq¢’ f
Eqg. (3.12 in the following section it is instructive to intro- . .
duce the one-exciton eigenstates which satisfy Xltglwrt+ wg)lerg(@)[leg( —w2) +leg(ws)]+c.'c.
(3.29
> QBB+ X Jnn(BlIBatc.c)|la)=tw,|a), Here, g denotes the ground staté ¢,=0"y=0), (e,e’)
n mn

(3.17 the one-exciton stated, the two-exciton statesy,y, is the
' matrix element of the transition dipole between statesd

with é,“:(IABn) obeying Bose statisticsk{,=y2). The one- b, and

exciton Green’s function then becomes 1
2 Iag(w)= m. (3.23
G = m n)G , 3.1 .
il @) p (ml) (a|n)Ga(w) (319 We shall compare the SOS-expression and the GFE by look-
_ ing at two-photon absorption and invoking the rotating wave
with approximation. The SOS-expression gives
1 (319 X(Sgc))Si_wZ;wli_wlva)

Cul0)= T e FiT,)
=53 Inglltge Pl e ) e )]
and for the two-exciton Green'’s function we hitve g<y 7o 1Toe] Lied LT Tegt 2

(m[a) (m|B) (B|n) (a|n) (3.20 X[ grgl@)leg(@2) +15(@1)lerg(w2)]

Gl 0) =+ S,
Il = G C oyt (T, T,

1
- _2 /-Lge’ﬂe’fﬂfeﬂegl fg(wl+ w5)

Here we introduced phenomenological lifetimds, ¢) for iy
the single-exciton staté8.Equation(3.12 can then be re-
written as X[Ieg(w1)+|eg(w2)][|:/g(wl)+Ie’g(w2)]y (326)
1 whereas Eq(3.2]) gives
R)—y - R * %
X7 5wy, wz,05) 6l§m a1a§l3a4 Hayftagttaghta, X(3>(_w2;w11_w11w2)
X G, (05) Gl (— 02)G (1) 1 Fay
_ 30 dsazas wy—wa +ily,
XGa4(w3)rala2,a3a4(wl+w3)
N 3.2 Ha, Ma,
Jc! . X - .
een (.23 01— 0.~ 01—, +il,,
where
B Ty ) (3.29
X—— w1t ws). .
J— _ +irl ajay,aza\ Pl 2
Fayag agag @)= 2 (alm) (azlm) @27 Pa Tl ey
_ The matrix element§ ,,(w) which enter the scattering ma-
XTmn(@) {N|a3) (n|ay), (3.22  trix can be written as

J. Chem. Phys., Vol. 105, No. 19, 15 November 1996
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2
K
an(w)zg‘,ﬁ w—wa—wﬁji(rﬁrﬁ)[5"‘“(‘“_‘% | 01 +0,~(Q+0Q,) [eV]
75—8.10 -O.'05 0.?0 0.I05 0.10
—wgti(T,+T ) —[Om/ti (a)
+(1=2/kg) 0] (ml ) (m[ B) (BIn) (aln)]. 500}
(3.28
In the two-level limit (k,=0) Fn(w)=2%w % ,(w) con- 250
tains the interaction-induced two-exciton resonan¢3E)
only. Fork,, # O the latter are modified, and new resonances ‘
show up due to their coupling to the intramolecularsates. - -
Equation(3.27) will be used in the following Section for 1x10°4 (b)1
the calculation of the third-order response of different aggre-
gates in the frequency-domain. The time-domain response
can be calculated by solving the equations of moti8r8) 0 N M
and (3.4) using numerical integration. Different techniques
are characterized by a different wavevector of the signal. The
appropriate expressions which allow for a bookkeeping of -1x10°
the wavevector dependence of the excitonic variables are = 4x10°- ' ' ' ]

given in Appendix B. = (c)
0 L

IV. NUMERICAL SIMULATIONS

PA

x 10

A. Molecular dimer ax10°1

Many of the features of two-photon spectroscopy of ag-
gregates can be understood by considering a dimer. We shall
therefore start our discussion with a detailed analysis of a 0 A
dimer made of three-level systems. The one-exciton energies (d)
are given by X101 |

1 2 p) 2

hwe=5Hh(Q+0y) = VE2(Q1—Q,)%2+437), (4.0 oy

with the eigenstates o101 ' . ‘
-0.10 -0.05 0.00 0.05 0.10

la=+)=sin®.|1;)+cosO.|1,), (4.2

. 0,7 (Q+ Q)2 [eV]
and the transformation angles
1 FIG. 3. The two-photon absorption sign&l;p,, calculated for a dimer
0. =arcta F(ﬁ(ﬂg_ Q0,) made of two-level molecules using different detuningss w,=1 eV[case
12 D], (0 %Aw;=w_—0.01 eV, () fiw;=w_—0.002 eV, and (d)
hw;=w_. The other parameters ar),=1.475 eV,/(,=1.525 eV,

+ \/ﬁ2(92—91)2+4352) _ (4.3 Ji,=—0.05 eV, andiI'=5X10"* eV.

Hence we can express E¢8.21)—(3.23 in terms ofw. and
0. . In Appendix C we give the scattering matiiX ).

We calculated the differential pump-probe spectrum  resonance with a one-exciton transition awd is tuned
across one- and two-exciton resonances. In Fig. 3 we display
W-p, for these cases in the two-level limik(=0). In panel
In the following we refer tdN;p, as the two-photon absorp- (a) we show casél) which yields excited state absorption
tion (TPA) signal. We consider a nondegenerate dimer withdue to a transition from a one- to the two-exciton state at
hQ,=1.475 eV, 1Q,=1.525 eV, J;,=—0.05 eV, and energyw,+w_. If w; approaches a one-exciton resonance,
AI'=0.0005 eV. In this model about 90% of the oscillator w;— w_ in Figs. 3b) and 3c) [case(2)], Wypa Shows a
strength is in the transition te _ . dispersive feature a&, is scanned through a one-exciton

We shall distinguish between three typical cases whichhesonance and excited state absorptionwif+ w,=w .
differ by the detuning ofv; andw,: (1) Both frequencies are +_. Note that wherw, is tuned within the linewidth of
tuned far off-resonant from any one-exciton transitié?).  the one-exciton transition, one- and two-photon resonances
w1 is in the vicinity of a one-exciton transition and, is  strongly interfere[Fig. 3(c)]. If w; is on resonance with a
tuned across one- and two-exciton resonan®sw; is in one-exciton transitioricase (3)] this interference leads to

Wrpa=Im x¥(—w,;01,~ 01,0,). (4.4
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(a)

FIG. 4. The same as Fig(&® but for the three-level case using different
values of the anharmonicit¥,, (x;=«,=0.5).

(b)

saturated absorption fas,= w _ and an excited state absorp-
tion for w,=w, , as seen in Fig. ().

If a third intramolecular level is taken into account, two
additional two-photon resonances become possible. These ®4
are conveniently investigated in cadg. In Fig. 4 we choose
hw;=1 eV and tunaw, across the two-exciton band. Figure
4a shows the dependence Wfpa On the anharmonicity
A, for k,=0.5. For smallA,, there is a strong mixing be-
tween the CDE athi(wi+ wy)=fh(w,+w_)=3 eV for
x,=0 and the two MDE’s. Increasing the anharmonicity,
A, , reduces the coupling between intra- and intermolecular 8 29 30 31 382 83
two-photon resonances, and > «,J,, one obtains inde- o,+0, [eV]
pendent peaks due to excited state absorption at
w1t wy,=w;to_ andfi(w;+wy) =201+ Ap_1 5.

(c)

WTPA

NO = D W A O

: : : FIG. 5. The same as Fig(& but for the three-level case using different
In Fig. X& we displayWrpa as a function ofx; for values ofx, (A,=0): (a) full calculation[Eq.(3.21)], (b) exciton scattering

A,=0. The splitting between the peaks increases with matrix only, and(c) Green’s function only(see the tejt

and is symmetric with respect to the resonance at

w,+w_. The origin of the asymmetric distribution of os-

cillator strength between the three peaks can be traced b% .

looking at the different contributions which interfere to give the two MDE’s[see Eq(3.16]. From Eq.(3.16) it follows
the third-order susceptibility. In Fig.(5) we show the spec- further that these peaks do not shiftgsis varied. In other
trum which results from the scattering matrix or{isetting words, all information about the coupling between MDE and
all single exciton Green’s functions equal to &hile Fig.  CDE is lost in this approximation.

5(c) shows the spectrum which results from the one-exciton

Green’s functions only{setting Falaz'%%(w):l in Eq.
(3.2D)].
The third-order response vanishes faf,=+2 and 500

A,=0 (harmonic systemas shown in Fig. &). This prop-
erty leads to a reduction of the TPA-signal in the vicinity of <
Kn:\/f even if a small anharmonicity is introduced. This E 250
can be seen in Fig. 6 where we phif=0.05 eV. =

We next focus attention on casg) where w, is off-
resonant with respect te@. and w, is tuned through one-
and two-exciton resonances. In Figajfwe showWp, as a
function of w, for w;=1.43 eV,A,=0.1 eV, andx,=1. K, !
In addition to the three two-photon resonances we observe

dispersive resonances whew, is tuned across the one- 22 ’ 233
exciton transitions. For comparison we show in pat®l 0y+0 eVl

W;5p, calculated using the LFA for the scattering matrix. The

LFA only accounts for the dispersive features as well as for FIG. 6. The same as Fig(& but for A,=0.05 eV.
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FIG. 7. Wqp, for a thr_ee-level dimer with anh‘armoniciwnzo.l eV and FIG. 8. Decomposition 0fV;ps shown in Figs. &) and 70): (@) Green’s
rn=1: (a) full calculation for off-resonant excitationie;=1.43 e\ and  fnctions only,(b) scattering matrix onlytwo-level limit), and(c) scattering

(b) Ioca] field approximatior['Eq.. (3.16]. In panel(c) we show the full matrix only (A,=0.05 eV andk,=0.5).

calculation for resonant excitatiorw({=w_), A,=0.05 eV, andx,=0.5

(other parameters are as in Fig. 3

MDE and CDE. Thus we observe a saturated absorption

peak atw,=w, . This convenient way of interpreting the

different resonances in terms of the Green’s function and the

exciton scattering matrix is very different from the more
ommon SOS-approach which requires the knowledge of all
ransition energies and dipole matrix elemefsge, Eg.

(3.24].

Finally, we investigate the resonance ca&y for
w1=w_. In Fig. 7(c) we calculatedWp, for a three-level
system withx,=0.5 andA,=0.05 eV. If one- and two-
photon resonances exist for similar frequencies of the prob
beam, as it is the case in Figs. 7a and 7c, it is desirable t
look at the different contributions to the spectrum. Figure 8 . . .

, Having considered the spectra for different pump and
shows the spectrum calculated when only the four Green’s o . .
functions are included in Eq3.21) and the scattering matrix prot_)t_a freqL_Jenme_s in the case of a dimer we are now in the
is set equal to Tpanel(a)] together with the contribution of position to investigate the more complex antenna aggregates.
';he s_catterlng _matrlx onI{/paneI§(b) an_d (©)]. _The Green’s B. LH2 of purple bacteria
unction contribution always gives dispersive features re-
gardless of the pump and probe frequencies. Obviously only In the following we apply the results of Section Il to the
the interference with the complex exciton scattering matrixouter antenna of photosynthetic bacteria. We will focus on
leads to the negative absorption peakvat w,=w_ (satu-  Rps. acidophildor which the geometry of the LH2 is known
rated absorption and the excited state absorption atto high precisiort. However, it is commonly believed that the
w,=w_ in the two-level limit[panel(b)]. In the three-level LH2s of other systems, such as the widely studRb.
case the two-photon resonances due to the scattering matrgphaeroidesare organized in a similar way.
no longer show up ab,+ w,=w, + w_ for the present pa- Electron diffraction from crystals of the LH2 complex of
rameters. This is a consequence of the interaction betweeRps. acidophildrevealed 27 BChé’s, 18 of which are situ-
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o [eV] anharmonicity fork,=0.5 in LH2 (hw,;=1 eV, A[=5Xx10* eV).

FIG. 9. Linear absorption spectrum, Igi")(— »; ), for the LH2 complex

for the case of lifetime broadening onlgt{'=5%x10"* eV) (a), and after - . . .
convolution with a single GaussidRWHM 0.0372 eV. (b) The interaction that this truncation leads only to a slight overall reduction of

energies and the transition frequencies for the B800 and the B850 band hatB€ magnitude of the TPA.
been taken from Ref. 5. We first investigate the structure of the two-exciton band
using casdl) of Fig. 3 in which no one-exciton resonances
are involved. For simplicity we hereafter use the saie
ated on the rim of an inner ring and the remaining 9 mol-andx, for all monomers. In Fig. 10 we show the variation of
ecules form an outer ring. The,@ansitions of the BChl  Wrp, With anharmonicity fork,=0.5. As in the dimer case
a’s on the outer(innen ring are responsible for the higher the intramolecular 8- S, transitions become well separated
(lowen energetic absorption banfB800 (B850 in Rb. from the two-exciton band a4, is increased, i.e. the inter-
sphaeroidesfor instancé. On the basis of these data Saueraction between MDE and CDE is reduced. Note, that there
et al® recently calculated the interaction energigs,, be-  are only two distinct intramolecular resonances on the blue
tween different molecules using point—monopole transitiorside of the spectrum since in the present model of the LH2
moments and suggested two distingt-S; transition ener- there are only two different monomer transition energies. In
gies for the B800 #£Qg,,=1.55 eV} and the B850 Fig. 11 we display the dependenceWfp, On «,, for zero
(1 Qg50=1.52024 eV molecules, respectively. The resulting anharmonicity{panel(a)] and for A,,=0.05 eV[panel(b)].
parameters give a reasonable fit to the linear absorption spekirst we notice that the response completely vanishes for
trum of Rps. acidophilafter convoluting the excitonic stick «,=+2 andA,=0 and that it is considerably reduced for
spectrum with a single Gaussian of 0.0372 eV FWHM rep-«x,= 2 and A,,=0.05 eV. More striking, however, is the
resenting line broadening. In the following we will use thesefact that in both cases with increasing, the oscillator
parameters in our calculations of the nonlinear optical restrength for two-photon absorption accumulates in the band
sponse. In the numerical simulations we will vary the anharedges of the two-exciton band. This effect can be attributed
monicity, A, , and the the ratio between the transition dipoleto the circular symmetry of the LH2 and it does not show up
moments «,,, assuming that the latter are parallel. It shouldin the less symmetric LHC-II as we will see shortly. Finally,
be mentioned that estimates of these quantities have oniy should be mentioned th&t/;p, in Figs. 10 and 11 reflects
recently been proposed on the basis of time-resolved pumphe behavior of the exciton scattering matrix. The contribu-
probe data?® tions due to the Green'’s functions show no resonances simi-
In Fig. 9 we show the linear absorption spectrum,lar to that of the dimefFig. 5).
Im xY(— w;;w;). The spectrum shows two peaks which Next we tunew- in the vicinity of a one-exciton transi-
can be assigned to the outer rinBgfy as well as to the tion. Here we focus on the highest exciton state of the B850
lowest (Egso-) State of the inner ring one-exciton band. The band,Eggy, . So far there is no experimental evidence for the
highest Egso) State of the inner ring one-exciton band existence of an optically active stafgy, , which could
which is at about 1.58 eV also carries oscillator strength buallow us to determine the overall bandwidth of the one-
cannot be resolved on this scdfThe spectrum after con- exciton manifold. This in turn should provide a test for theo-
volution with a single GaussiafFfWHM 0.0372 eV is plot-  retical calculations of the intermolecular coupling strengths.
ted as a dash—dotted line in Fig. 9. The fact that only thre&Ve have verified that the oscillator strength for this transi-
excitonic transitions account for most of the oscillatortion vanishes if the coupling matrid,,,, given in Ref. 5 is
strength of the system results in a considerable reduction ohodified as follows: There is only nearest neighbor interac-
numerical effort. The sum over thé exciton oscillators in  tion within the inner ring and the coupling between the inner
Eqg. (3.21) can be restricted to these essential oscillators byand the outer ring is turned off.
introducing a cutoff foru,. We have checked numerically In order to find signatures of thegsy, State in the TPA-
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FIG. 11. Same as in Fig. 10 but for different,; (8 A,=0 and
(b) A,=0.05 eV.
FIG. 12. LH2 W5pp-signal for resonant excitation d&tw,=Egso, in the
two-level limit [(a) only lifetime broadening AI'=5x10"* eV), (b) con-

. lution with single GaussiatFWHM 0.0372 eV].
signal we have calculatéd/tpa for #iw,=Egsg,. =1.581 eV volution with single GaussiatF eVl

(Fig. 12 and foriw;=1.6 eV (Fig. 13 in the two-level

limit. The upper panels include the phenomenological life-151)] The latter feature is reminiscent of the redistribution
time broadening only, and in the lower panels the spectrunit osgillator strength for two-photon absorption seen in Fig.

has been convoluted with a single Gaussi@0372 €V 11 even though the situation is more complex here due to
FWHM) to account for inhomogeneous broadening. In bothhe interference with the one-exciton transitions.

figures the resonance features aroufyd,, cannot be re-
solved on this scale since the response in the vicinity ofC LHC—II of lant
Egoo and Egsg- is much stronger. Nevertheless, the curves™ ot green plants
are remarkably different. For resonant excitation the correla- We next focus attention on the LHC-II which lacks the
tion between the highest and the lowest state of the B850igh symmetry of the LH2 system. Spectroscopic investiga-
band leads to a negative absorptiorEgt, and two rather tions(e.g., electroabsorptid® indicate that there are several
strong excited state absorption peaks on the blue side of thdistinct one-exciton transitions contributing to the absorption
state. The feature &gy is dispersive due to the rather weak spectrum. The low resolution of the structural dataes not
coupling between the inner and the outer ring, i.e. there is nallow an unambiguous identification of the Chland Chl
strong two-exciton transition close Eyq for this setup. For b molecules or an assignment of the respective orientations
off-resonant excitation the responseba, and atEgsg is  of the transition dipole moments. The functionality of the
dispersive. This totally different behavior persists when lineLHC-Il, however, suggests the chlorophylls closest to the
broadening is includeffFigs. 12Zb) and 13b)]. carotenoids to be CHh (7), while the remaining are CHj

In Figs. 14 and 15 we used the same excitation condi5). Using this assignment, the low temperature absorption
tions but included §— S, transitions withA,,=0.05 eV and spectrum has been successfully simulated using the methods
k,=2. As in the two-level case, the existence of an opticallydeveloped in Ref. 27, and assuming the transition dipoles to
active stateEgso. , strongly affects the TPA-signal if the be parallel to the membrane plaffdn contrast to a perpen-
pump beam is tuned on resonance with this transition. Morelicular arrangement, this configuration was shtio re-
interesting, however, is the fact that the incorporation ofproduce the correct behavior of the ultrafast transient absorp-
higher intramolecular transitions results in strong excitedion reported in Ref. 11. This is also in accord with polarized
state absorption in betwedfys,. and Egy and on the blue absorption and fluorescence studies which gave an average
side of Eggp [compare the broadened spectra in Figgb2  orientation of the transition dipoles within the Caldomi-

J. Chem. Phys., Vol. 105, No. 19, 15 November 1996

Downloaded-08-Mar-2001-t0-128.151.176.185.-Redistribution-subject-to~AlP-copyright,~see-http://ojps.aip.org/jcpo/jcpcpyrts.html



8596 Kuhn, Chernyak, and Mukamel: Spectroscopy of photosynthetic antenna complexes
3x10° T T T 1x10° T T T .
2x10° (@) (@)
L sx10% |
1x108 |
0 ‘[ F 0
Ax10° - -5x108 |
-2x108 -
- 1x10° -
-3x108
< ) N L 1 L ! < 1 ! 1
Qo104 - o 5
[ b = 3x10° E
= (b) | £ (b)
1x10* .
0
-1x10%4 -
-2x10*4 .
T T T T 2x10° T T T
1.3 1.4 1.5 1.6 1.7 1.3 1.4 1.5 1.6 1.7

®, [eV] w, [eV]

FIG. 13. The same as in Fig. 12 using off-resonant excitation atFIG. 14. The same as in Fig. 12 but for three-level moleculgs<0.05 eV,
hiw,=1.6 eV. Kn=2).

nated band at 676 nm of about 12° with respect to the memecules. In Fig. 17 we calculated/;p, in the two-exciton
brane plane. For the Chd dominated band at 640 nm this regime as a function of the anharmonicity foy=0.5. As in
angle was found to be about 381t should be noted that an the previous model systems, the intramolecula#SS, tran-
attempt has been made recently to assign orientations to ttsitions show up as distinct excited state absorption peaks on
individual chlorophylls based on a modeling of linear andthe blue side of the band X,, increases. Note that there are
circular dichroism spectril. So far, however, this rather only seven distinct peaks since some monomer transitions
complicated task gave only unambiguous information abouenergies are assumed to be equal in the present simulation
the orientation of three out of the twelve chlorophyll mol- (see the caption to Fig. 16The behavior ofWyps upon
ecules. Possible orientations of the remaining moleculefcreasing the ratioc, if A, is fixed is shown in Fig. 18
have been inferred from ultrafast pump-probe[A,=0 panel(a), A,=0.05 eV panelb)]. Besides the ex-
measurement¥. pected greater complexity compared with the corresponding
Concerning the S~ S, transition, the available infor- LH2 spectraWqpa for LHC-II is different in two respects:
mations indicate a rather strong Chlsinglet excited state First, for the same value &, the signal does not show the
absorption(MDE) for wavelengths in the region of Chi strong reduction in magnitude fot,=+2 (compare, Figs.
S— S, transitions in LHC-1111141732However, in order to  11b and 18h Second, there are no signatures for an accu-
explore the principal effects of MDE in non-symmetric ag- mulation of all oscillator strength in the edges of the two-
gregates like the LHC-II we will varyA, and «,, over a  exciton band, as was the case in the highly symmetric LH2.
broad range, assuming the same values for all monomers. Finally, we show the TPA-signal in the two-level limit
Figure 16 shows the linear absorption according to Ref(Fig. 19 and for a three-level systertFig. 20. The fre-
28 of the LHC-II without(solid line) and with inclusion of quencyw, is tuned in resonance with the highest state of the
inhomogeneous broadenifgonvolution of the total spec- one-exciton manifold{w;=1.916 eV} which is due to Chl
trum with a single GaussiafFWHM 0.0186 eV, dash— b. In both figures the spectra show four strong absorptive
dotted lind. Compared with the LHZFig. 9) the spectrum peaks. Three are in the Chlregion and the fourth is posi-
has a much richer structure with ten distinct exciton transitioned at the main peak of the Chlabsorption band. This
tions. The two main peaks in the broadened spectra anmdicates the relatively strong coupling between some pig-
dominated by Chb (blue side and Chla (red side mol- ments in the Chb pool and between the highest state in the
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0.0186 eV (150 cnmY) (AI'=5%10"* eV]. For the monomer transition
energies of the different chlorophyll molecules the following values have
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FIG. 15. The same as in Fig. 13 but for three-level moleculs<0.05 eV,
Kn=2).

Chl b dominated band and Chlmolecules. The inclusion of
a third intramolecular level X,=0.025 eV andk,=1)

Ep1=Ep,=1.913 eV,Epz=E,s=Ep=1.9 eV. The strongest interaction
energies [J/>5 meV) are Juj.0=—5.5 meV, Jap=—12.7 meV,
Jazp2=—5.6 meV,Ja3p3=—17.2 meV,Jyyps=—6.9 meV,J 5ps=—6.1
meV. For the dipole strengths of the monomer$=155 [ and
w2=12.5 ¥ has been used.

and green plants. The LH2 and the LHC-II are structurally
very different; this is reflected in the third-order response.
The parameters in our calculation, such as the anharmonicity
and the ratio between thg-S S, and the §g— S; have been

yields a strong excited state absorption to the blue of the cHghosen to highlight possible scenarios. Under certain condi-

b absorptive featurécompare broadened spectra in panelstions we predict the accumulation of oscillator strength in the
(©)]. The contribution to the susceptibility of the exciton WO-photon transitions to the edges of the two-exciton band

scattering matrix only is shown in pan€ly. It indicates the

in LH2 and that the manifestations of th®s,, State are

positions of two-photon resonances. Their magnitudes argXPerimentally observable. Even though the quality of struc-
affected by the interference with the one-exciton Green'dural information about the antenna systems is rapidly im-

functions.

V. SUMMARY

The formulation of the nonlinear optical response using

proving, simulations of linear absorption and circular or lin-

coupled anharmonic excitonic oscillators provides a power-
ful tool for the study of large aggregates. The third-order
susceptibility can be expressed in terms of one-exciton
Green’s functions and ah XN exciton scattering matrix.

This is a clear advantage compared with the conventional

sum-over-states approach which requires the calculation of

2N+ (N—1)N/2 eigenstates and the corresponding transi-
tion dipole matrix elements. It further allows a semiclassical
interpretation of optical spectra in terms of free motion and
scattering processes of excitons.

The formalism has been applied to the calculation of
frequency-domain two-photon absorption spectra of light-

harvesting antenna complexes possessed by purple bacteria
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FIG. 17. The same as in Fig. 10 but for LHC-II.
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ear dichroism spectra based on the refined geometry are only
recently coming out. In particular only few studies on the 25107 ———————
singlet excited state absorption of chlorophyll molecules in 170 175 180 185 190 195 200
the antenna complex have been repotfeld:*’32 w, [eV]

The time-resolved signals in the pump-probe setup at
low temperatur® as well as the room temperature photon
eChOI.and tfra25|ent gra.tlng déshow a leear eVIdeTce fO'I’ba eV (highest one-exciton stati the two-level limit[(a) only lifetime broad-
QOUp Ing of the excitation energy transfer to nuc e_ar Vi ra'ening,(b) contribution due to the exciton scattering matrix orily), convo-
tional modes of the BChh monomers and of the pigment- |ution with single GaussiatFWHM 0.0186 eVy].
protein complex in the LH2. Room temperature vibrational
guantum beats have also been found in other complex bio-
logical systems such as the photosynthetic reaction center fCKNOWLEDGMENTS
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theoretical point of view, a complete description of they he National Science Foundation and the Air Force Office
coupled exciton-vibrational dynamics in large aggregates ig¢ scientific Research. O. K. gratefully acknowledges a post-

an extremely challenging task. Using an approach based Qfyctoral fellowship from the German Academic Exchange
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vibrational eigenstates it was shown that the exact treatment

of a dimer including one nuclear degree of freedom perAPPENDIX A: DEFORMED BOSON REPRESENTATION
monomer approaches the limits of present compdtets. ;

The restriction to a few relevant excitonic variables reduces(?F MULTI-LEVEL MOLECULES

the number of equations of motion compared with a full ~ We consider an aggregate made of molecules with a
density matrix description considerably. Even though thereground state ani¥ excited states. We further assume that all
are schemes to incorporate weak exciton—phonon couplingolecular transition dipoles are parallel and the only nonzero
into this formalism?® a theory which is capable of accounting transition dipole matrix elements are between adjacent lev-
for strong coupling in large aggregates is yet to be develels, i.e.|f,) and |f,=1). For simplicity we neglect line
oped. broadening in the following derivation.

FIG. 19. TPA-signal for LHC-II using resonant excitation7ad,;=1.916
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optical nonlinearities. One way is to represent the system
Hamiltonian in terms of operators with boson commutation
relations. This is known as bosonizatith*3 Effects of sta-
tistics then give nonlinear terms in the expansion of the po-
larization operator in powers of the boson variables. This
approach, however, has a major difficulty since one needs to
follow the evolution of expectation values of products of
boson operators in order to get the observdblg., the po-
larization. It is therefore preferable to find a representation
in which the polarization operator is linear in elementary
variables, effects of statistics then show up in non-boson
(b) commutation relations of the basic operators. To accomplish
this goal for the system described by Eg81)—(A3), we
first write the molecular dipole operatdy, as

5x10° |

-5x10°9 |

-1x10" |

-2x10"

dn::Uvn(Bn"'B;)a (A4)

WTPA

where u,= (¥ and

M—-1 (f+1[)

Bg: 2 /'Ln
0 T T g T T T T ¥ T T f=0
1x107 . (A5)

- (ff+l)
Z

[fnt1)(Fal,

|fo) (fat1].

According to Eq.(A4) the polarization operator is linear in
the B,, and B,Jﬂ operators. The second term of the Hamil-
tonian, given by Eq(Al), is expressed naturally in terms of
-1x107+ 7 these operators. We now need to find the single molecule
Hamiltonian in terms of theB, and B; operators and to
170 195 180 185 160 165 200 calcul_ate their commutation relations. This can be done by
applying the procedure of Ref. 36. Making use of the fact

) [eV] that the operatorEBm,Bl] andH, are diagonal in the basis

set of|f,), we can represent them in the form

FIG. 20. The same as in Fig. 19 but for three-level molecules

(A,=0.025 eV,k,=1). Mg
Ho= 2 frhon(Bn)(By)", (AB)
The Hamiltonian has the form M1
+ () rHf f
HeS H+S B dd (A1) [Br/BAl=0mq 1= 2, '(BY'(By)'|. (A7)
n mn
where B, is given by Eq.(2.6). H,, is the single molecule Equation(A7) represents commutation relations of operators
Hamiltonian B, andB/ Substituting Eqs(A4) and(A6) into Eq. (A1) we
M recast the Hamiltonian in terms of the operatBfsand Bg
Ho= S 5001 (F, (A2)  To obtain the coefficients{ andq(” in the expansion of
f=0 Egs. (A6) and (A7) we evaluate the matrix elements of the

operators[Bm,Bﬁ] andH, using Egs(A2)—(A4) and com-

andd, is the molecular dipole operator 0 : \
pare them with those obtained by using Ed5)—(A7). The

M-1
(f) . . .
d,= 2 [M(f f+1)|fn)(f +1|+M(f+1f)|fn+1)(fn|]_ coefficientsq,,’ can be determined recursively:
_ f
(A3) M(anrl,f) 2_ (nf,f 172 . 2 o Hl <np+1,p) 2
The three-level Frenkel Hamiltonian used in SectiofBds. M M G “s Mn
(2.3 and (2.4)] is a special case of Eq§A1)—(A3). It has (A8)

been shown in Refs. 36 and 37 that there are two ways to
distinguish between effects of statistics and anharmonicity ifThe parameterS)Ef) can be obtained from
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f—-1

—oh- E e H

(s+1s) (p+1p)

_ M
% 5]1:[ En(t):g1 EU)(t)elkim, (B1)

Mn

Mn

(A9) WhereEgj)(t)=,unAj(t)exp{—iwjt} with A;(t) being the en-
In the case of a three-level system, EG588) and (A9) give  velope of thejth pulse.

W=2—42, 0W=u1 and QP =k2(eM+?/2). In order to distinguish between the different directions of
These results have been used in Sectiorﬁkbﬁ(z):gn). the signal we follow Ref. 44 and expand all dynamical vari-
ables as
APPENDIX B: TIME-DOMAIN RESPONSE *
X = 2 X(al ..... ap)
In this appendix we derive the equations of motion in- ag, .. aym=-—%
cluding the one- and two-exciton variables for calculating a . . L.
general nonlinear optical response induced My laser xexpli(akyt ... +ayky)r}. (B2)
pulses. The external field is expanded as This leads to the following set of equations:
d M i
i g (Bt ™W=3 P (B v )= 2 EP )01, I1 Sou+ - 2 [Am<BL><“1“i'--- )
= iT#] ai ,a,(/l:—oc

X(BrBm) "1 '“M>+(K§n—2>[§ T B2 1 ™ (B By (1 )

<

— E%)(t)<BTm>(alfai.... aj—ajr—1,.. ,aMfaMr)<Bm>(ai,... o)
j=1

} (B3)

and
M

d .
h g7 (BB 1 ’“M>=<1—5mn>f 20 [Fm(BiB) 2 )+ BBy 72w = 2, [E()

X( B T b ) L EJ() (B a4 b 1] " %[ (2hQp+ Ay =ik ()

M

E J)(t)<Bm>(a1,... ,D[J'—l,... ,aM)_,r_EI Jm|<BIBm>(al’m ,aM):“ . (B4)

X(BpBmy (@1 M) — 2

(Note that (Bly(@1r am) =[(B )~ @1 —am)]* )

APPENDIX C: EXCITON SCATTERING MATRIX FOR A DIMER

In the following we give the scattering matriR_(w), for a dimer using the solution of the one-exciton eigenvalue problem
defined through Eq94.1) and (4.2). Making use of Eq(3.20 we have(the inverse lifetimes of the one-exciton states are
assumed to be all equal 16 which is taken as a small parameter

1
Fmn(@)= D(w ){5mn[5m1K§d1(w)+5mzK1dz(w)] d1(@)da(@)[Pp (@) +Prp (@) + 2P (@)1 (CD

Here we definedl,(w) = gnxn g,/ w, and the matrix

1 cos’ 0, cos O, —sin®, sin®; cosO, cosO,
—sin®, sin©®4 cos®,, cosO 4 sir? ©, sir? O, : (€2

aB =
P(w) i(w—w,— g o)

We have introduced
D(w)=rk2k3—f " " (0)—f, 7 (w)—2f " (0)+di(0)dy(o)[fT () + T T (w)+2f " T (w)], (CI

with the abbreviations
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K501 (w)sin? O, sir? @, +«idy(w)cos O, cos 0,

ff1“2“30‘4(w)= ﬁ(w—w ~ o T2 (C4)
ay az
and
feaasases( ) = : 6, Sif 0, cod ©, cof O
(@)= ﬁz(w—wal—wa2+2ir)(a)—wa3—wa4+2ir) [si a ! a CO ag €0 ay
+cos @, cos @, sin’ 0, sif 0, —2sif @, cos 0, sind, cosd, sind,, cosO, ].
3 4 1 2 3 3 4 4

(CH)

The expression, EqC1), was used in the calculations pre- etc. This is merely a generic notation for the excited states.
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