7332 J. Phys. Chem. B997,101, 7332-7342

Multiple Exciton Coherence Sizes in Photosynthetic Antenna Complexes viewed by
Pump—Probe Spectroscopy

T. Meier, V. Chernyak, and S. Mukamel*

Department of Chemistry and Rochester Theory Center for Optical Science and Engineering,
University of Rochester, Rochester, New York 14627

Receied: December 20, 1996

The pump-probe signal from the light-harvesting antenna LH2 of purple bacteria is analyzed using a Green
function expression derived by solving the nonlinear exciton-oscillator equations of motion (NEE). A
microscopic definition of the exciton mean free palth) @nd localization sizel() is given in terms of the
off-diagonal elements of the exciton Green function and density matrix, respectively. Using phonon-induced
(homogeneous) and disorder-induced (inhomogeneous) line widths compatible with superradiane measurements,
we find that at 4.2 K the localization sizelis = 15 and that the shifAQ between the positive and negative

peaks in the differential absorption is determined by a different effectivelgize= 5.6 associated with the

exciton mean free path. Our model further predicts the recently observed superradiance coherence size
determined byL,.

. Introduction exciton stated1> The shiftAQ between these two features is
Ontical . £ oh heti | h usually attributed to the energy difference between the exciton
ptical properties of photosynthetic antenna complexes have gi,q prepared by the pump, and a two-exciton state coupled to

:)hecomtg Te(t:egﬂéza_lr_'h ogjgc;[\ of |Pt§n5|ve ex?grlrretntalt and that exciton by the prob®. In a linear aggregate made out of
eoretical studie? The 2.5 A resolution geometrical structure | 10 oo e have\ O ~ 3720/(L + 1) whereJ is the

of the peripheral antenna of purple bacteria (LH&)ows 27
bacteriochlorophylla (BChla) monomers arranged in two
rings: 9 weakly coupled BChla molecules form the outer ring
which is responsible for the higher energetic B800 band, while
18 strongly interacting BChla of the inner ring form the lower
energetic B850 band. This high circular symmetry makes it
possible to estimate intermolecular interaction parameters and
has triggered intensive theoretical modeling of optical signals
including absorptio;> pump-probell~16 and three pulse

echoes$:l” These measurements show ultrafast energy transfer . . . . i
and vibrational coherence which persists even on time scales®"€'9% (diagonal) disorder with a finite correlation length show

where electronic coherence has been lost. Similar observationES>cellent agreement with experiméht.Similar osbservations
have been made in the 32-member ring of the LH1 sy&8fr20 have been made recently in both LH1 and LH2° For LH1,
At low temperatures (4 K) a broad absorption lihe~ 300 AQ increases monotonically with temperature from 24-¢m

= 1 =
cm~! (fwhm) is observed in LH2, whereas hole-burning studies Ior T t4 Kdto 44(;) cm= for T 280|. léﬁ gor LT% tr21(e)
report a 210 cm! hole which is independent of the burn emperature dependence IS more complicatearom 4 1o

frequency’® At room temperature, polarization-dependent K the shift deprgases from 250h't0 221850?:}“”(1 for higher
frequency-domain pumpprobe studies give a homogeneous temperatures it increases, reaching at room temper-

nearest-neighbor exciton intermolecular interaction. The shift
in the pump-probe signal of] aggregates has been observed
by Wiersma’'s group and fitted using a model of a linear
aggregate of physical sizé = 15 with nearest-neighbor
interactionJ = 1227 cnt?! derived from the frequency shift
between the aggregate and the monomer absorption peaks.
This coherence size was associated with the Anderson localiza-
tion length of excitons, induced by static disor&erFurther
numerical simulations of the signal in the presence of Gaussian

15
width varying between 200 criat the band center and 30 cin ~ &tUre: _ _ _ _
at the red wing! A total line width of A = 430 cn? and a In a one-dimensional circular aggregate witolecules and
homogeneous width 188 cthwas found in ref 17.A = 300 nearest-neighbor exciton couplidghe single-exciton band has

cm~1 was reported in ref 4. The observed line width reflects energies 2cosk), k= 2zn/L,n=0, 1, ...L — 1. The spacing

the combined influence of static disorder (inhomogeneous between the levels at the band centersis/t. By calculating
broadening), and exciton coupling to intermolecular, intramo- the two-exciton states, it was shoWrthat AQ = 472J/L2
lecular, and solvent nuclear motions (homogeneous line width). coincides with the spacing between the two lowest exciton states.
Coherent and incoherent excitonic dynamical processes areThe role of static disorder may be best understood using the
strongly affected by both broadening mechanisms. Pump Mott picture of localizatio?f according to which wave functions
probe spectroscopy provides a direct view into excitonic motions of excitons with close energies may not overlap. This is
through the differential absorption of a probe pulse as a function connected with the statistical property of level repulsibnhis

of its frequency and the time delay with respect to a pump pulse. results in a fundamental characteristic enefdy; namely, the
The frequency-dependent differential absorption typically con- minimal splitting between two overlapping localized states.
tains a negative peak related to bleaching and to stimulatedUsing this argument, one can divide the aggregate into spatially
emission from the one-exciton band to the ground state (we nonoverlapping segments whose sizes are determined by the
refer to both contributions as BL), and a positive peak which Anderson localization lengti, and obtain for the energy
reflects excited-state absorption (ESA) from one-exciton to two- splitting between two lowest excitons in a segment
AEa ~ 372)/(Ia + 1)2. The pump-probe signal can then be

€ Abstract published irAdvance ACS Abstractéyugust 1, 1997. interpreted using a three-level model which contains the ground
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state and the lowest one-exciton and two-exciton states in a
linear aggregate with sizZg. This argument relates the peak
shift in the pump-probe signal directly to the exciton localiza- , ,
tion size and yieldaQ ~ AEa. In the interpretation of recent Q. Hey Uy Ky
pump—probe experiments, this shift has been used to estimate
the size of coherently coupled subunits of LH25To obtain >
shifts on the order of 200 cr it had to be assumed that only |
a fraction of the monomeils = 2—4 can be coherently coupled. 1> 7} X
Fitting of the pump-probe data using a model with different
physical sizesl{ = 3 or 4) yields values for the coherence size Q n Q n
for LH1 of 3.2 for 4 K and 2.3 for 280 K, and for LH2 of 2.3 m m ™ m
for 4 K and~2.7 for 280 K!® It was not possible to reproduce
the experimentally observed shifts by calculations which 0> ——%—— _—
included the entire ring. Another recent measurement of Figure 1. Mapping of the three-level model (left) onto the excitonic
cooperative spontaneous emission (superradiance), interpretedscillator model (right). Am = Q'm — Qmn is an anharmonicity
using disorder resulted in a coherence size 0f?2.8. parametef:

Itis clear that a proper theory of the optical response of these
aggregates should not be limited to the localization size and
Zgglélrdvsikizémtgf;f/;?%ztsoggigg:fere;;gss:ﬁei’Hazs g}eolll. dilsrgg':exci_tqn scattering using one-exciton states as an input and
their spectroscopic signatures using a microscopic model thatavOldlng the expllcn calculgtlon .Of two-exciton states. The
takes into account the aggregate structure as well as effects Ofadvantgges of this formulatlon.WnI be dlscyssed In section Il.
static disorder and exciterphonon coupling. The exciton mean I_n section Il we present numerical calc_ulatlor_]s for the abso_rp-
free pathL; represents the exciton-depha.sing length scale. lIts tion and pumﬁprobe spectra Qf LH2’. including both elqstlc

- ; " _.._ (disorder-induced) and inelastic (excitephonon) scattering
origin can be understood as follows: In the presence of static

disord i ith oh th it tor i contributions to exciton dephasing. In section IV we define
ISorder or coupling with pnonons Ine exciton wave VEClor IS ,q ayciton mean free path by using the antidiagonal section of

no longer a good quantum number, and the exciton e|genstatesthe exciton Green function. We show that the purppobe

become wavepackets kspace with widthAk; ~ 2r/L;, where peak shiftAQ is primarily determined by and obtainL; ~

L¢ is the mean free path which reflects exciton dephasing. In 112

the vicinity of the band-edge the widthk; induces a widtH’ -

— 2J(1 — cos{ak)) in energy space (assuming nearest-neighbor In the last two sections we show that at low temperatures
e 7 g he influen f exciton hasing and localization on radiativ
coupling J). This givesA; = 2I'y ~ 8r2J/L{ for the linear the influence of exciton dephasing and localization on radiative

absorption line width. In the case of static disorder exciton decay rate is very different.  \We .th.u S Propose time-resolved
dephasing is controlléd by elastic scattering hne: |5, where quo_rescence measurements to dlstlngws_h between _effects of
lq is the disorder-induced mean free path, which re}aresents the-eXCIton dephasmg and Ano_lerson I_oca||za_t|on_. In section Vwe
inh i idthv.  Excit n—, honon in mtrqduce th.e.excnon densr;y maitrix Iocallzat!on sizebased
INhomogeneous ine wi d. EXcitorrzphonon - coupiing on its “antidiagonal” section which contains all relevant
|n@roduces an addltlona_l contribution to the mean free_ path. In information about time-resolved fluorescence and allows us to
this case the total (exciton and phonon) momentum is a good, ;g ,5jjze the exciton coherence size. We obtairz 15. Our
quantum r_lum_ber, which again mtrgduces a widthinto _the results are compatible with the relaxed fluorescence line shape,
purely excitonic momentum, determined by the phonon-induced

f i Thi Its i h i idth since the disorder-induced Stokes shift is smaller than the
(r;e[:;m Legﬂpz?/rbg IS Tesulis 1n a homogeneous fine wi experimentally measured total Stokes shift. In section VI we
ph ~ ph’

show howL, controls the superradiance and predicts the correct

In one-dimensional systems with weak static disorder the syperradiance sizks, in agreement with recent experiments.
localization lengtHa coincides with the mean free pdthly =

Ia. This is no longer the case once coupling with phonons is

incorporated. Exciton-phonon scattering together with static Il. Doorway/Window Picture of Pump —Probe

disorder form a combined mean-free pathwhich is related Spectroscopy

to the line widthAs by As ~ 872J/L¢?, and the total mean-free

pathL: is in general different from the localization lengdth We consider an aggregate madelothree-level molecules
The inelastic exciton mean free palfy can be larger or  With statesS, S, and$; and energies 02m, andQp + Q'm,

smaller than the localization length. Whenla < I, we can m=1, ...,L. The transition dipoles for th& — S andS, —

treat the excitorrphonon interaction as a small correction to < transitions will be denotegin and u'm, respectively (see

disorder. Fola ~ lpn, we have a combined effect of disorder Figure 1). We assume that these are the only nonvanishing

and excitor-phonon coupling, and whely, < |, inelastic matrix elements of the dipole operator. This model does

scattering destroys the effects of exciton localization. This is adequately represent the purrobe spectroscopy of antenna

not the end of the story yet, since other coherence sizes entecomplexes! To develop a collective approach to optical

as well. At finite temperatures an additional coherencelsize ~ €xcitations in this system, we associate with each molecule an

~ 372J/KT appears whereby the temperature is the relevant anharmonic oscillator degree of freedom with fundamental

energetic parameter (see Figure 7). For strong exeptonon  frequency Q, and creation (annihilation) operatoBy(By).

coupling one needs to incorporate the polaron gjZ@olaron These operators satisfy the commutation relations:

is an exciton dressed with a phonon cloud), with the polaron

binding energyE, being the corresponding energetic parameter. [B,,B"] =0,{1— 2- «,)B" By (1)
The present analysis is based on a Green function theory of

nonlinear spectroscopy developed in ref 29 and summarized inThe parameterk, = u'wum is the ratio of the two

section Il. This theory, in contrast to the sum over states (SOS) transition dipoles. We further introduce the parameter

2> ——— —_—F A

approacl relates the optical signals to time-dependent exciton
populations and coherences, exciton dephasing, and exciton
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Oh = 2A(Q'wkn 2 — Q). Inref 31 it has been shown that the The two-exciton scattering matrix has the form
original model of coupled three-level systems with parameters

(@m, Q'm» n, #'m) can be mapped into coupled anharmonic T (w)= [F(w)]mnfl[(w + gn)Kn2 — 2w] (7
oscillators characterized by the parame®@s «m, andgm.
The linear absorption spectrum has the f&fm with
T (0)=06 Z— (o + g2 — 20]G_ () +
0(©) = 3 1Mty G )] @ )T O oG T 20180 ()
mn 2iky, ZRmkan(w) (8)
Here w de

Go(@) = f_m% G(€) G(@ — €) (9)
_ [ +
Gry@) = f, dr exp(wr)B,(7) B',(0) ®) Rk is the relaxation operator of the third leveb),

The time- and frequency-resolved fluorescence si§i(al,7)
is the one-exciton Green function, where the time evolution of iS also given by eq 4 by simply replacinyl with the
the By(7) operator is determined by the free material Hamilto- fluorescence window functioM® (w)
nian (without the fields). For our model, this Green function
is given byGm®) = [(@ — h + iT) Y With Ny = Qurdrmn M (@) = 2 4tCinf2) (10)
+ (1 — Omn)dmn is the one-exciton Hamiltonian adth, is the
one-exciton relaxation matrix which can be expressed in terms

of bath spectral densities. This doorway-window picture has been applied earlier to

i ) describe nuclear dynamics in nonlinear spectroscopy of a single
The calculation of the pumpprobe signalSw;r) as @  chromophoré? The present theory extends it to excitonic
function of the time delayr and the probe frequency is dynamics and allows us to separate the optical process into
simplified considerably when the following conditions hold: (i) preparation, evolution, and detection states, and analyze sepa-
the exciton population-relaxation time scajgs long compared  rately the roles of the pump (which determines the doorway)
with the inverse absorption line width 1I(2, (ii) the pump and the probe (which affects the window). The conventional
pulse is short compared tg, (iii) the delay between the pump  SOS approach relates optical signals to properties of individual
and probe is long compared to the duration of the pump pulse, eigenstates. An exciton state created by the pump is coupled
(iv) the probe pulse is short comparedztand long compared by the probe to a continuous manifold of two-exciton states (in
to 1/(X)~1. These conditions define the “snapshot lift”  the joint excitor-phonon space). The signal is determined by
where the signal depends only on the pump and the probethe distribution of the dipole operator matrix elements between
frequencies and their relative delay and is independent on theirone- and two-exciton states; the necessary statistical (collective)
envelopes. Applying the results of ref 29, we express the properties of levels can be described using multidimensional
exciton Green function in terms of the exciton density matrix spectral densitie¥ The Green function approach offers a very
Nmr(t) = [Bw(t) Bo(t) (here the time evolution of the operators  different and a much simpler physical picture for the optical
BTm(t) and By(t) is in the presence of the pump). By invoking response in terms of exciterexciton scattering and has
the Kadanoff-Baym ansaf?3* and combining it with the numerous advantages compared with the SOS: (i) it does not
exciton scattering matriX'(w) derived in ref 31 we obtain for  suffer from the problem of cancellation of terms which scale

> T as~L2in nonlinear optical signa® These cancellations often
create severe numerical difficulties and make it hard to gain
— physical insight. (ii) The diagonalizations bf x L2 matrixes
So.7) Im%an(w) Nini(7) ) necessary for calculating two-exciton states are completely

avoided. OnlyL x L matrixes need to be inverted, which
considerably reduces the numerical effort. The most time
The signal (eq 4) has the following interpretation: two consuming step in calculating the pumprobe signal is the
interactions with the pump create the reduced exciton density multiple summations which appear in egs 4 and 5 and not the
matrix Nmn (the doorway att = 0, which evolves in time for ~ matrix inversion. (iii) Excitor-phonon interactions are natu-
the delay period, resulting inNm«(z). The diagonal elements  rally incorporated.
Nnm(z) represent exciton populations whereas the off diagonal In ref 29 these Green functions expressions have been derived
elementsn = m are excited-state coherenceln(z), which using diagrammatic techniques. A much more intuitive deriva-
can be calculated using various meth&glays a crucial role tion based on the non-linear exciton equations of motion (NEE)
in time- and frequency-resolved fluorescence and energy was developed recentfyand will be briefly sketched below.
transfer. The signabis related to the exciton density matrix  In general, for our model, any third order optical process (such
by its Liouville space overlap with thevindow function as pump-probe) may be calculated by following the time
Mmr(w), given by evolution of the variableB,[] [B,By[) B',Bm andBT,BB ]
Equations 49 can be derived using equations of motion for
_ these variables, which may be closed using projection operator
M) = 2 #it,Gy (@) (@) Trna(2) (5) techniques$® The microscopic description of the pumprobe
: spectrum depends on three time intervals. The first is the
difference between the two interactions with the pump. During
this interval the variable8B,are created, and the doorway is
g prepared. Following the second interaction with the pump we
_ [~ 0€ = start the second delay periogwhere the density matri®’,B,0
Trnn(@) = —e0 Q7 G*n(€) Tl + €) Q) evolves in time. He)r/epan explicit relaxationykernal obtained,

with
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e.g., using the Redfield thed®?® should be used. For long 1.0 T T y T . T . T r
time delaysr, the exciton density matrify(r) assumes the
thermally equilibrated form

Npn =21y W*(n) W (M) exp-e,/T)  (11)

whereW, ande, are the exciton wave functions and energies,
andZ = Y (expedT).

Subsequently, the first interaction with the probe creates the
three-exciton variabl&B',B,B ,Oreflecting coherence between
one- and two-exciton states, as well @,0, whose time
evolution during the third evolution period between the two
interactions with the probe determines the window. The major
difficulty in implementing this procedure is the proper incor-

normalized differential absorption

poration of theB',B,B [variables since their number scales as 800 825 850 875 900

~L3. Various factorization schemes have been employed in wavelength (nm)

the past to zdescr'lbe.specmc measurements. [BATByB; 0 Figure 2. Normalized pump-probe spectra without disorder for
factorizatior? applies in the absence of phonons. BB different dephasing ratd3at 4.2 K.x = 0.9. Solidl’ = 25 cnt?; dash

B factorization was used to describe exciton transffgftA 50 cnTL; dot 100 cn?; dash-dot 150 cntl; and dash-dot—dot 200
more elaborate maximum entropy factorization which interpo- cm™. Inset: shiftAQ as a function ofl". For other parameters see
lates between the above two was used in the analysis of off- text.

resonant optical susceptibiliti€s2 The NEE derived recently
uses an approximate relaxation kernel fofBigB.BCvariables
rather than factorizing these variables themselves. Phonon
exchange among different excitons is neglected. This means
that during the third time interval phonon effects are incorpo-
rated through the one-exciton lifetime induced by exciton
phonon dephasing, whereas excit@xciton scattering is taken
into account explicitly. This scattering is related to Pauli
exclusion and to anharmonicities induced by the third molecular
level.

Equations 49 may be used to analyze the combined effects
of disorder and coupling with phonons on the pungpobe
signal. Previous calculations have employed a model with
disorder alone where exciton localization is the only size
underlyingAQ.1115 |n that case, the BL peak comes from the
resonant feature in I dw) Gim(w)] while the ESA peak is

due to a sharp resonance in Ingp)] which enters the signal ™ "o o1 onee of specific information we assumed the

through eqgs 4 and 5. One can then qualitatively describe the _. ) .
system as an ensemble of three-level systems. Once the phonon":i'mp.IeSt model for the relaxat_lon matrl_cﬁ,gn an(_ijn. These .
induced homogeneous width becomes large compared to thematrlxes were taken to be diagonal in the site representation
- . = with all diagonal elements equBln= Omnl, Rmn= Omdl; the
spacing between two-exciton levels, the resonancE€wetrlap - . mn .
and the pump probe signal assumes a very different nature: it homogeneous contribution to the linear absorption line width
reflects a collective (global) excitation of the entire two-exciton results_ n f""h”.‘ ofA = 2I. _Note th_at for thls. model the
manifold. A key question is whetheAQ originates from rglaxgtlon matrixes are also dlggonal in the exciton representa-
exciton localization or from electronic dephasing determined tion with all relaxation rates being equal. The entire exciton

by the parametdr;. The calculations presented in the coming phgpquozzurx:ggéﬁnthusfrfﬁéesimedr:gea:'gglt?ap?r:z‘lrggézr'
sections will address this issue. 9 pumip P

disorder but neglected exciton-phonon coupfifhdf We start

our analysis by considering whether the reverse assumption,

namely, excitor-phonon coupling (homogeneous broadening)
We now apply the doorway-window expressions to calculate alone with no disorder can reproduce the same spectra and lead

the pump-probe signals from the B850 band of LH2. This to largeAQ, as observed experimentalfy1®

band comes from a cyclic aggregate consisting of 18 chlorophyll  Figure 2 shows calculated pumprobe spectra without

molecules. We neglect the weak coupling to the outer nine- disorder for different phonon-induced homogeneous width

molecule ring (the B800 band), and each chlorophyll molecule at 4.2 K. For all values of the pump-probe signals show a

is modeled as a three-level systél®31 The transition negative BL part at lower energies and a positive ESA part at

frequency between the second and third levels is shifted to thehigher energies. For smdll, the splittingAQ is small, which

blue compared with the lowest transition, and we set the indicated that this system has two-exciton states energetically

transition dipoles of individual molecules are tangential to the
ring and are almost antiparallel within each dirdér.The
excitonic couplings between the molecules were taken from
Sauer et al:nearest-neighbor couplings of 273 and 291 ¢ém
next-nearest-neighbor coupling 660 and—36 cnT?, and the
third-nearest-neighbor term of 12 cf All other couplings
were reported to be smaller than 10 @hand were therefore
neglected in the present calculation. [Although the nearest-
neighbor coupling constants in the B850 ring on LH2 are
positive, spectroscopic features of the system are similar to those
of Jaggregates (e.qg., the aggregate absorption band is red-shifted
compared to the monomer) due to almost antiparallel directions
of nearest-neighbor dipoles. A simple transformati&n—
(—1)"B, leads to a representation where the nearest-neighbor
coupling constants are negative and the dipoles are almost
parallel.]

Ill. Application to the B850 System of LH2

anharmonicity of the third leve®'y, — Qm = 100 cnTL.1 The very close to twice the one-exciton energy. In this case the
ratio of the dipole moments is assumed to be the same for all ESA shows a progression of several well-resolved two-exciton
molecules and was adjusted to fit the experimental puprpbe contributions. Ad" is increased, the contributions of different

spectra. This results in values betweern<0.9 and 1.0. We two-exciton states merge aid? increases (see inset in Figure
used the molecular positions measured by McDermott &t al. 2). In this regime the shift does not reflect an energetic
The system is made of nine dimers, and we assume that thedifference between specific states but is induced by, and scales
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Figure 3. Normalized pump-probe (a) and linear absorption spectra
(b) for models | (solid), Il (dashed), and Il (dotted)['l= 180 cn?,
0=0,Qn= 12348 cm?, andx = 0.9; I T = 100 cn?, ¢ = 377
cml, Qn = 12408 cm?, andx = 0.9; Il T = 50 cnT?, o = 527
cm i, Q=12 488 cn! andk = 1.0; atT = 4.2 K. The experimental
data (circles) are taken from ref 15.

with, the homogeneous line width. These calculations show

that both disorder-induced localization and homogeneous broad-

ening induced by coupling to phonons may account for the
observed spectra.

We next calculated the pumiprobe signal, incorporating
both excitor-phonon interactions and static disorder, and fitted
the shift between the BL and ESA as well as their relative
magnitude to recently measured puagrobe spectra on B850
of LH2 at 4.2 KI® The excitor-phonon coupling strength can
be obtained from hole-burning measuremé#ftgplarization-
dependent frequency-domain purprobe?! and three-pulse
echo measurements. Disorder is incorporated by assuming
that each frequenc®m, has a Gaussian distribution with fwhm
o around its mean value. This model is known as Gaussian
diagonal disorder.c was varied to fit the experimental pump

probe spectra. Calculations were made using a Monte Carlo

sampling over different realizations of disorder. In the following
calculations we used three models. In model | we tbok
180 cnTt, k¥ = 0.9, Qm = 12 348 cn1!, ando = 0. In this

case we neglected disorder altogether, and the absorption line

width is homogeneous. In model Il we halle= 100 cn?, «
=0.9,Qm = 12408 cm?, ando = 377 cnTl, and finally in
model 1T =50 cnT?, « = 1.0,Qm = 12 488 cnT?, ando =

527 cnmtl. Considering previous measureméhig2! and
estimates of the homogeneous and inhomogeneous line width
in LH2, model 11l is probably the most realistic.

Figure 3 compares the pumprobe and the linear absorption
spectra for the three models at 4.2 K. The linear absorption
line width is 360 cm? (fwhm) for model | and 310 cm' for
models Il and IIl, which fall within the range of experimentally
reported values.

The calculated pumpprobe signals have been normalized,
andQn, has been shifted so that the maximum of the BEib

Meier et al.

normalized spectra

820 840 860 880 900 920

wavelength (nm)

Figure 4. Linear absorption (solid), fluorescence (dashed), and pump
probe (dotted) spectra calculated using model IlI.

of the B850 monomers by 240 crhcompared to the B80O
monomers. The shifts obtained here are in the opposite direction
and should reduce the difference between the monomers of the
two bands. All three models yield about the safff® and the
same ratio of the magnitudes of BL and ESA. This demon-
strates that the pumiprobe experiment alone can be interpreted
using very different models.

In Figure 4 we display the linear absorption and the relaxed
fluorescence for model Ill. In the calculation of the fluorescence
we have assumed that for each realization of disorder the
excitons are in thermal equilibrium, which for the temperature
of 4.2 K implies that only the lowest exciton state on each ring
is occupied. The purely electronic disorder-induced Stokes shift
shown in Figure 4 is 139 cnt. In ref 17 the Stokes shift
induced by nuclear motion at room temperature has been
estimated to be about 80 ct Since the disorder-induced
Stokes shift should decrease with increasing temperature, these
values are in good agreement with ref 43, where the total Stokes
shift has been measured to vary from 400 émat 4 K to 270
cm™! at room temperature by comparing absorption and
fluorescence. Thus using three parametdts; related to the
value of the excitonphonon coupling, the strength of static
disordero, and the ratio of the molecular dipoleswe obtain
a good agreement between our calculations and four types of
optical measurements: absorption, fluorescence and pump
probe.

It should be noted that polaron effects are not included in
the present theory. This means that the Stokes shift clearly seen
in Figure 4 is not related to nuclear relaxation and reflects pure
electronic relaxation. It will be interesting to explore whether
the difference between the theoretical curves and experiment
on the red wing of the pumpprobe signat? could be attributed
to polaron effectd®

V. Exciton Mean Free Path and the Pump-Probe Peak

Shift

The excitor-phonon coupling and the static disorder param-
eters used in model Il reproduce the puappobe signdf-15
as well as linear absorptidnf the B850 system of LH2. Itis
tempting to try to interpret these measurements in terms of some
effective aggregate sizess. The idea is that the combined
effects of disorder and coupling with phonons restrict the extent

and occurs at 858 nm; these spectral shifts are 88, 148, andof spatial coherence in the system. The optical properties should

228 cnr! for models |, 1, and llI, respectively. To fit the linear
spectrum, Sauer et 4have lowered the transition frequencies

then depend orLe rather than on the physical size of the
aggregate (which for very large aggregates becomes irrelevant).
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One obvious candidate fdry is the localization sizéa. If |a model | (no disorder) we have even a better agreemaf2:=
controls the pumpprobe signal the shifhQ reflects properties 210 cnt?! (for 2I' = 360 cnt?) versus 250 cmt.

of individual exciton states. A different length scale which We are now in a position to relate the shif€2 in the pump-
could determineL¢s is the mean free path;. the formal probe signal to the exciton mean free phth We note that the
definition of L; involves the one-exciton Green functi®@+ signal (eq 13) depends on I@&}2(w)] and ReBmi(w)]. We
(w) introduced in section Il:Ls is a length scale of decay of  shall define three new length scald8, L(", andL®, obtained
Gmr(€) a@s a function ofm — n, € being the exciton energy,  from eq 12 by substituting®). = Im[Gn2(€)], o, = Re[Gm-
chosen to be at the absorption maximum since these exutons(e)], and pE,?L = |Gmi€)| for Gmre), respectively. These

primarily determine the optical response. We shall define refiect how the imaginary part, the real part, and the absolute
as the inverse participation ratfoassociated witlGny(€): 2 . : 0 G
value of G decay with|n — m|, respectivelyoy, o and

_ 2-1 2 p(a) for model 11l are displayed in Figure 6, and the coherence
L= [L;|Gmn(e)| ] [(;(G)D ] (12) SE;nes are 5.8, 3.2(), and 5.64). Comparing these coherence
sizes we see that!) ~ L@ ~ Ly/2. The relatior® ~ Ly/2 is
This quantity gives the length scale on which the exciton Green natural sinceG? should decay approximately twice faster than
function decays along the “antidiagonal” direction, i.e., as a G, which allows us to choose@ as the coherence length
function ofn —m. related to Gm(€) and treatL® ~ L2 as the effective
|Gmr(€)| for models 1, Il, and Il displayed in Figure 5¢f coherence sizé . This yields the following approximate

shows how they decay with increasifig — n|. The mean free  expression for the shift in terms of the exciton mean free path:
pathsL; calculated using eq 15 assume the values 9.2, 10.6,

and 11.2, respectively. To show how the mean free path enters 472] 16723
into the pump-probe signal, we shall carry out the integration AQ=—~=— (14)
in eq 6 using the exciton basis set and switch to the exciton Les L

representation for the Green functions. Since after averaging L )
over disorder the translational symmetry of a circular aggregate Using AQ = 250 cnt Eind. an average nearest-neighbor
is restored, and denoting the momentum of ditle exciton by~ coupling of J = 282 cni* gives L2 = 6.7 which is in

ke We obtain for the signal agreement with.¢/2 = 5.6 calculated for model Ill.
In summary we have shown that in all cases the effective
Sw,) = coherence size which determines the shif2 of the pump-

probe signal from LH2 is determined by one-half of the exciton
mean free pathLs: Les ~ Li/2 = 5.6, which is induced by
2 = . exciton—phonon interactions and disorder-induced elastic scat-
ZNaa(T) Re[G(w,K)] Im[I'(w + ¢, +iT, k+ k)] (13) tering. This is a very important result since the relatigp ~
¢ L¢/2 is valid for quite different physical situations, e.g., in model
whereNqy(7) are exciton populations at time andk = 27/L I there is no exciton localization and the signal can be interpreted
is the momentum of the optically active exciton. When the in terms ofLs only, whereas in model lll excitons are strongly
exciton dephasing rat is larger than the splitting between localized and one may interprak2 in terms of eitheis or |a.

> Ny () IM[G*(w,K)] Re[[(w + ¢, +iT, k+ k)]

€u + iT, k + k) in the right-hand side of eq 13, shows no disorder and without exciterphonon coupling, where the
sharp resonances. (However, its imaginary part wheh ¢, signals can be interpreted in terms of exciton states. It follows

is tuned across the two-exciton band is a signature of two- from eq 3 that the mean free paith associated wittGm(w)
exciton states.) The resonances of the pumpbe signal are  'eflects the properties of both phase and amplitude of the exciton
thus given by the Green functio@® The shiftAQ now reflects wave functions, whereas the Anderson localization lerigth
collective properties of the two-exciton manifold rather than describes properties of the amplitude only. In higher dimen-
positions of individual two-exciton states. Under these circum- Sional systems with weak disorder, there is no exciton localiza-
stances, the pumprobe signal may not be interpreted in terms tion and Ly is determined by loss of exciton phase (elastic
of a three-level model. Instead, the signal is related to the Scattering). In one-dimensional systems all exciton states are
coupled dynamics of exciton populations and COheremes,Iocallze.d, and since at the banq edge the wave functions are
exciton dephasing, and excitoexciton scattering, as repre- nonoscillatory we have the opposite situation wheriabgflects
sented by eqs49. This is how the mean free path (which is localization of amplitude, described by. o

related to the spatial coherence of the Green function) enters In summary, our analysis shows that the shi€ is directly

into the picture. related toLerr &~ Li/2. Since exciton localization is only one of
SinceG(w) has sharp one-exciton resonances3?p)] has several mechanisms that determiingit is not generally possible

The sum of these two terms gives the positive and negative
peaks. The former originates from the positive feature in the
dispersive form of Ré&b*(w)] and is proportional to
Im[['(w + e« + i)] which is nonzero by virtue of the two- We have shown in previous sections that exciton dephasing
exciton manifold. The shift between the peaks is determined and localization show up in a similar way in the purgrobe

by the shift between the positive and negative features of peak shiftAQ. To distinguish between dephasing and localiza-
Re[G¥(w)] which yields AQ ~ 2I'/V/3. In this qualitative tion, one needs to consider an observable which is influenced
picture we neglected the weak frequency dependence ofin a different way by these two mechanisms. The simplest such
T'(w + €q + i). This rough estimate is verified by our quantity is the single-exciton density matfi,n In the next
numerical calculations: using the absorption line widih=2 section we demonstrate holNy, shows up in cooperative
310 cnt! (models Il and I11) we obtai\Q = 180 cnT! versus spontaneous emission superradiance. A detailed study of the
AQ = 250 cnt?! obtained in our numerical calculations. For role of Ny, in time-resolved emission is given in ref 48.

V. Density Matrix Representation of the Exciton
Localization Size



7338 J. Phys. Chem. B, Vol. 101, No. 37, 1997 Meier et al.

L =18

18

(a)

16
14

12

6 8 12 14 16 18 2 6 8 10 12 18

Figure 5. Absolute values of equilibrium exciton density matriXés, for models I (a), Il (b), and Il (c) afl = 4.2 K. Absolute value of the
exciton Green functioGmi(¢) with € at the absorption maximum for models | (d), Il (e), and 11l (f). Also given are the corresponding values of the
coherence sizels, andL; calculated via the inverse participation ratio. From large to small: blue, green, yellow, red; see color code in Figure 7.

To determine the role of exciton localization, we display the correlation functioriB,(0) B,f(t) By(t) B'(0)l Here the time
exciton reduced density matrim, = BBy whereB'(Bn) evolution of all operators is given by the molecular Hamiltonian
are the exciton creation (annihilation) operators in the molecular (without the external field). The localization length then shows
representatiod. [Note that we are considering here a nonsta- up if we consider this quantity as a functionrof- m for long
tionary density matrix whose time evolution is governed by the times (or for small frequencies, in the frequency domain).]
molecular Hamiltonian driven by the pump field. The localiza-  The exciton density matrix provides a natural measure of
tion size can be alternatively obtained using the equilibrium exciton-localization signatures of optical measurements such as
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12

6 8 10 14 18

Figure 6. Square of exciton Green functioBm(e) with € at the
absorption maximum for model Ill. Absolute value of real part (a),
absolute value of imaginary part (b), and absolute value (c). Also given
are the corresponding values of the coherence 4i%kd (), andL®
calculated via the inverse participation ratio. From large to small: blue,
green, yellow, red; see color code in Figure 7.
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This happens, e.g., at finite temperatures (compared with the
exciton bandwidth). In addition, when excitephonon cou-
pling is incorporated, the pure exciton states are not very
meaningful, since we need to consider the eigenstates in the
joint electronic and nuclear space. The density matrix provides
the level of description most compatible with optical measure-
ments and is therefore the natural link between theory and
experiment. In section VI we show that the localization of the
density matrix as viewed by its “antidiagonal” sections controls
the superradiance emission, regardless of whether it represents
a few individual eigenstates or the collective effect of many
states.

Neglecting disorder, the density matrices representing the
lowest exciton statek|B,'Bmjalla = 1, 2, 3 are displayed in
Figures 7 and 5a. The lowest optically forbidden exciton (Figure
5a) is completely delocalized over the entire ring, and all density
matrix elements are the same. The next two optically active
excitons are degenerate with an energy 60 thigher than
the lowest exciton. These excitons are somewhat localized, as
shown in Figure 7a,b. The density matrix representing a mixed
state, with both excitons equally populated displayed in Figure
7c, shows a cyclic symmetry. The modulation of the off-
diagonal elements reflects the weak dimerization.

A convenient measure of exciton delocalization is provided
by the inverse participation ratio of the exciton density matrix

Ly =L 1omd 1Y 1omd)] (15)

with pmn= Nmn. Equation 15 is the same formula used for the
definition of L; (see eq 12), witlGy(¢) replaced bypmn This
guantity gives the length scale on which the density matrix
decays along the “antidiagonal” direction, i.e., as a function of
n — m. Similar measures has been successfully used in the
analysis of off resonant polarizabilites of aggregdfes,
conjugated polymer® and semiconductor nanocrystals.

Figure 7 displays the thermally equilibrated density matrixes
for model | corresponding to 100 K (Figure d) and 300 K (Figure
e). Although the individual eigenstates are delocalized, the
thermal exciton density matrix is localized. This thermal
localization increases with increasing temperatures, frgrs
13.8 at 100 K toL, = 7.9 at 300 K. At higher temperatures
when all excitons are populated equally, the density matrix
becomes diagonal arld, = 1.

The present definition of a localization size is in general
different from that based on the size of individual eigenstates.
If the eigenstates are localized, then the density matrix will be
localized as well. As demonstrated in Figure 5, the reverse is
not true: the density matrix may be localized even if the
individual states are delocalized. Since optical measurements
are related to the density matrix, we argue that this new
definition is more appropriate. It provides precisely the level
of averaging required for the description of optical signals.

Figure 5a-c shows the equilibrium density matrixes corre-
sponding to models I, I, and Il at 4.2 K. For model I, the
lowest exciton, which is the only one populatedliat 4.2 K,
is delocalized over the entire aggregate. In this coherent case,
L, = 18 coincides with the systems’ physical size. In the
opposite, incoherent case, when the density matrix is completely
diagonal in real-space, we hakg= 1. The disorder included
in models 1l and Il leads to a decreaselgfto 16.5 and 15.0,

pump—probe spectroscopy. When the exciton eigenstates arewhich reflects effects of exciton localization on the exciton
well resolved and the experiment depends on a few of them, it coherence size. Itis important to note that in all cases exeiton
is possible to interpret measurements using properties of phonon interaction has been taken into account in the weak
individual eigenstates. However, in many cases, these propertiecoupling limit which results in Boltzmann distribution of
are averaged out by the collective nature of the measurementexcitons at large times. This allows to interpret our results in
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Figure 7. (a, b) Absolute values of density matrixes of the two lowest degenerate optically active excitons of B850 of LH2 without disorder
(model 1). (c) Mixed state with equal populations of states (a) and (b). Also shown are the absolute values of equilibrium exciton density matrixes
Nmn at 100 K (d) and 300 K (e) and the corresponding values of the coherende, siakeulated via the inverse participation ratio are given. From
large to small: blue, green, yellow, red; see color code.

the following way: weak excitorphonon interaction does not L, is determined by localization, its numerical value does not
lead to localization of the density matrik (= 18) whereas coincide withla. For the values of parameters used in this paper
disorder doesl(, < 18). Since at low temperatures only low- L, ~ 3la.*8 This means that for model IllL{, = 15) excitons
energy excitons with nonoscillatory wave functions are popu- are localizedlp = 5).

lated, L, is related to the exciton localization lendihbut not We emphasize thdt, is a measure of exciton localization
to L since the phonon-induced partlofdoes not affect td., only at low temperatures and for weak excitgghonon

at all L, = L for model I). |a is usually defined using the  coupling. At higher temperatures higher energy excitons with
participation ratio of the exciton wave functiéh*Even when oscillatory wave functions are populated, thereby decredsing
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Under these conditions exciton localization does not contribute
to L,, which is primarily determined by the size defined in

the Introductiorf® Strong excitor-phonon coupling can result

in another coherence size that affecgs the polaron size,

with the polaron binding energ, being the characteristic
energy parametef.

Polaron formation can also contribute #®Q, and the
mechanism is very similar to that of localization. Although a
polaron is an electronically delocalized state, due to self-
trapping, the different positions are correlated. To put this on
a formal basis, we consider the reduced exciton density matrix
Nmn prepared by the pump. Due to lattice distortidp, as a
function of m — n acquires a coherence length Since the
relaxed polaron prepared by the pump has an eneigywith

respect to the exciton band edge, the energy of a two-exciton

state created by the probe is shifted by at I&awith respect
to twice the energy of a single exciton. This makEs
contribution toAQ. Taking polaron effects into account is a
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Figure 8. Superradiance enhancement factoy as function of
temperature for models | (solid), Il (dashed), and Il (dotted).
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decreases, suggests that in the low-temperature rebine

natural extension of the present theory. The energy parametergelated directly to the difference between the physical kite

related to the coherence sidgs l,, andla are the homogeneous
line width 2y, the polaron binding enerds,, and the minimal
energy splitting between overlapping localized exciton states

AE,, respectively. For each of these three mechanisms thels reaches a maximum of 4.2 for model I.

splitting between the peak’sQ2 may be attributed to one of the
corresponding energy parameters.

VI. Superradiance Coherence Size

andL,. At T = 170 K corresponding to a thermal energy of
107 cnm?, which is somewhat larger than the energy difference
of 60 cnT! between the lowest and the optically active excitons,
For higher
temperatures decreases. For temperatures much higher than
the bandwidth (in model | the bandwidth is 1160 ©m
corresponding to a temperature of 1850 K) all excitons are
equally populated. In this case the density matrix is diagonal
andLs becomes 1.

When disorder is introduced, the pronounced temperature

Cooperative spontaneous emission (superradiance) providesiependence ofs is diminished. In particular at very low

an additional interesting signature of exciton localization. When

temperatured s attains a finite value, since with disorder the

molecules radiate in phase, we expect the radiative decay rateransition to the lowest exciton becomes allowed. At 4.2 K for

to be enhanced. The superradiance coherencé sizelefined

model Il we havels = 2.5 andL, = 16.6. Ls is thus almost

as the ratio of the radiative decay rate of the aggregate to thatexactly given byL — L, =2.4. For model Ill we find_s= 2.8

of a single molecul&® It reflects the extent of excitonic

andL, =15, i.e.,L —L, = 3. This again demonstrates that at

intermolecular coherence. Earlier calculations have addressedow temperaturess is determined by the disorder-induced loss

the role of excitor-phonon coupling and disorder @g.° The
superradiance enhancement fattdP can be expressed in terms
of the exciton density matri

L= @ ANy ) (16)

Here the matrixNy, is normalized to have a unit trace, i.e.,
>nNan = 1. The direction of the molecular dipole moments is
given by the unit vectorsly. Unlike AQ, superradiance is
directly related to the exciton localization size. Initially,
following the excitation L(t) will vary with time. Below we
consider the long time limit where the density matrix has been
fully equilibrated in the exciton manifold. Temperature-

of coherence of the density matrix. With disorder, a smaller
maximum ofLs appears around = 170 K (4.0 for model I
and 3.9 for model Ill) compared with model 1. At higher
temperatured s decreases in all models, and for very high
temperatures, when all excitons are populated equally, it
approaches a value of 1. Our calculations for model Ill are in
good agreement with recent experiméefitwhich found between
4 and 300 K a constant value of 2.8 for the superradiance
enhancement factor in LH2. Model Il reproduces the experi-
mental value for low temperatures and shows a rather weak
temperature dependence lof

It is important to note that for model Il ~ 5 (see ref 48)
and the superradiant factbg ~ 3 may seem to be formed by
coherent emission of dipoles on the length scalg.oHowever,

dependent superradi_ance have be(_en recently reported in LHlthis is a coincidence, since we have shown that the size on which
and LH2%8 The predicted superradiance enhancement shoulddipoles emit coherently is, ~ 314 and for the present geometry

provide a critical test for our model, since all parameters have
been already determined.

Ls~ L — L, ~ L — 3la which turns out to be not very different
from | for L = 18. For this reason, the different superradiance

In Figure 8 we display the superradiance enhancement factorfactor observed in LH1Lls ~ 9 with L = 3278 does not

Ls for models I, Il, and Ill. In the absence of disorder (model
I) and at low temperatures only the lowest exciton state is
occupied. Although this exciton and the corresponding density
matrix are delocalized over the entire system (Figure 5a), the
enhancement factds is zero. This is due to the fact that given

necessarily imply a different exciton coherence size.
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