Optical Stark spectroscopy of molecular aggregates
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Effects of static disorder and interaction with phonons on the dynamics of Frenkel excitons in
molecular aggregates are studied by calculating the absorption of a weak probe in the presence of
a strong resonant and off-resonant pump field. To second order in the pump amplitude, the
self-energy which determines the Stark shift and dynamical broadening of the probe absorption is
expressed in terms of the single exciton Green function and the two-exciton scattering matrix. For
stronger pump intensities the self-energy is calculated using higher-order optical response functions
of the system. ©1996 American Institute of Physid$50021-960606)01314-4

I. INTRODUCTION tion shifts with the pump intensity. This “optical Stark shift”
is analogous to the ordinary Stark effect induced by a static

The nature of electronic excitations of molecular aggre{dc) electric field?> Pump—probe spectroscopy monitors the
gates is a fundamental problem with important practicalinear absorption of a weak probe in the presence of a strong
implications~* Studies of size dependence of optical re-pump field. Since the system is excited by the pump, multi-
sponse provide a unique insight into the connection betweeaxciton states become accessible. For sufficiently weak
properties of individual molecules and bulk properties ofpump and probe this spectroscopy can be described as a four-
materials’ The structure and dynamics of molecules is com-wave mixing process. The signal is then expressed in terms
monly interpreted using their electronic and vibrationalof the linear and third-order nonlinear response functions
eigenstates. Molecufdf and semiconduct®? crystals are  R® and R®, and involves one- and two-exciton states
on the other hand best described using collectiugasipar-  only.!® The one-exciton to two-exciton transition has been
ticle) excitations such as excitons and phonons. Small aggresbserved in disordered aggregate$' For higher pump
gates may be treated using both pictures, thus clarifying thields the optical Stark effect has been observed in aniso-
connection between them. From the practical side, stronglytopic molecular crystal$? J aggregate&® direct-gap
coupled aggregates of dye molecul@sg., cyanide dygs semiconductord? polydiacetylene and  conjugated
known asJ aggregates play an important role in photosensipolymers?~2’ The theoretical interpretation of the dynami-
tization of semiconductor particles which is the primary stepcal Stark effect beyond the two-level modethich is inap-
in photography:®~** Organic nanostructures such as mono-plicable for small detuningwas developed by Schmitt-Rink,
layers and multiple quantum wells show interesting photoinChemla, and Hau§ Combescot and Combes€bthigh-
duced charge transfer properties which can be used in elefighted the important role of two-exciton states for near-
troluminescence devices and nonlinear optical switéhes. resonance excitation and discussed the effect of Coulomb
Molecular aggregates have numerous important biologicahteraction betweere—h pairs for different detuning re-
functions. These include the conversion of light energy intogimes. Later, Zimmermanit, has discussed the interband
chemical energy by collecting the light and channelling itand intraband Stark effect for quantum wells to second order
into the necessary sites by the light harvesting antenna sy the pump amplitude. Another interesting aspect of the dy-
tems, and the intermolecular charge transfer in the photosymamical Stark effect, namely, the ultrafamtosecongre-
thetic reaction centef.”*® sponse time reflecting exciton dynamics in quantum-well

The electronic structure of molecular aggregates may betructure$**! is useful for optical gating and generation of
described using the Frenkel-exciton HamiltonfaFhe linear  ultrashort electrical pulsé€.The Stark shift of) aggregates
optical response is determined by the properties of onein strong pump fields involving multiexciton states has been
exciton states, whereas multiexciton states can be probed Ugwestigated both experimentalfyand theoretically? Elec-
ing a variety of nonlinear spectroscopic techniques in theroabsorption measuremefitshave shown both dynamical
frequency and time domaiir.” Multiexciton states are cru- broadening and Stark shift. The present theory applies for
cial in determining how nonlinear susceptibilities scale withoff-resonant as well as resonant pump frequencies. When the
aggregate size. pump is tuned inside the exciton band the picture becomes

In this paper we calculate the pump—probe frequencymore complicated since real excitations are created and both
domain spectrum of molecular aggregates using the Frenkebherent motion of two-exciton states and exciton transport
exciton model, including static disorder and exciton—phonoraffect the spectrum. We show how the Stark shift and dy-
coupling. For off-resonant pumg.e., when the pump fre- namical broadening induced by an intense pump provide
quency is tuned outside the exciton bartie probe absorp- clear signatures for disorder and phonon effects in the exci-
ton motion. We will demonstrate how the interplay of two-
3Also at: Department of Physics and Astronomy, University of Rochester €XCiton coherent motion and exciton transport manifests it-
Rochester, NY 14627. self in the Stark effect. This makes optical Stark

J. Chem. Phys. 104 (14), 8 April 1996 0021-9606/96/104(14)/5415/9/$10.00 © 1996 American Institute of Physics 5415

Downloaded-07-Mar-2001-t0-128.151.176.185.-Redistribution-subject-to~AlP-copyright,~see-http://ojps.aip.org/jcpo/jcpcpyrts.html



5416 Mukamel, Rott, and Chernyak: Spectroscopy of molecular aggregates

spectroscopy a useful tool for studying exciton properties ircoupling which conserves the number of excitons and can
molecular aggregates. only induce exciton hopping. This is justified in molecular

In Sec. Il we present the model Hamiltonian of a mo-aggregates where typicallyd, | <Q,. Consequently the
lecular aggregate with electronic and nuclear degrees of freground state is the vacuum state with no excitons, and the
dom. The induced polarization to first order in the probe ispurely electronic problem{(with no additional degrees of
expressed in terms of correlation functions of the polarizafreedon is exactly solvable. The additional degrees of free-
tion operators. In order to calculate the probe absorption welom make this a genuine many-body problem which may
need to expand the optical polarization to first order in theonly be solved approximately. The coupling with radiation
probe, but retain high-order contributions in the pump. Thisfield #{(r,t) is given by
is accomplished by introducing the pump-induced Stark self-
energy3® whose real part determines the shift while the ﬁint(t):_f dr Z(r,t)-P(r). 2.3
imaginary part results in dynamical broadening. The Stark .
self-energy can be expanded in powers of the pump field andere the polarization operatét(r) has the forn®37
the expansion coefficients expressed in terms of the optical A
response functions. We derive Green function expressions P(r)=%Pn(r),

: : - : (2.9
for the Stark self-energy to first order in the pump intensity. - _ _ 5 LRt
. , : Pm(r)=[ulp(r=Rm)(Bm+Bp),

The self-energy is expressed in terms of the one-exciton
Green function and two-exciton scattering matrix. The ex-Wherep(r —R,)) is the normalized polarization density apnd
pressions for the Green function and scattering matrix arés the transition dipole.
given in the site representation and apply to an arbitrary ag- The following calculations use a compact correlation
gregate geometry. A recently developed Green functiorfunction expression for the optical response functidns,
theory of four wave mixing spectroscopy of confined exci-which are based on nonequilibrium Green function formal-
tons including exciton—exciton interaction, phonons, andsm, first introduced by Keldys#. For an arbitrary operator
static disordéet’ will be used in calculations presented in the Q we define the Heisenberg opera®@(t) whose evolution
coming sections. In Sec. Ill we specialize to periodic aggreis determined by the material Hamiltoniah,, (i.e., without
gates and provide closed expressions for the necessary Gred@e external fieldd For any set of operator@ ™ Q™ we
functions in k space. Numerical calculations for a one- introduce the following correlation function
dimensional aggregate with no additional degrees of freedomx (1 A (n Al 21 A (n
(other than electronjare presented. In Sec. IV we repeat ther?Q(al)(tl)”'Q(‘“n)(t”»=Tr{pT“1'““n[Q( (t)...Q' )(t”)]}’
numerical calculations of Sec. Il for an aggregate with static (2.9
diagonal disorder. Exciton—phonon interaction is incorpo-wherep is the equilibrium density matrix of the system, and
rated in Sec. V. Our results are summarized in Sec. VI wher¢he indicesa; ...a,, assume the valuds (left) andR (right).
we also connect the Stark self-energy with higher-order nonEquation(2.5) should be understood as follows: All opera-

linear response functions. tors with L(R) should be placed to the leftight) of the
density matrix. Furthermoré’,al_”an denotes a time-ordering

Il. REAL SPACE GREEN FUNCTION EXPRESSION operator which acts in the following manner: hlloperators

FOR THE PROBE ABSORPTION are ordered antichronologicalkgarlier times lagtwhereas

the reversdchronological ordering is applied to th& op-
The dynamics of electronic excitations in molecular ag-erators. Using this notation, the order of operators in the lhs
gregates can be modeled using the Frenkel exciton Hamibf Eq. (2.5) is immaterial since we have a unique prescrip-
tonian which represents an assembly of interacting two-levefion for ordering them based on their labels and time argu-
molecules’ ments. We next introduce the following combinations of left
and right operators.

Q_=Q_—Qk,
(2.1

PP , _ Q+=3%QL+Qr)-
Here B,,(B,,) is the exciton annihilatioricreation operator e L ) o ) _
for the mth molecule that satisfy the Pauli commutation re- The expectation value of the polarizatiBir,t) in the driven

Hmm(f):@ Qn(§)|§§én+r§n Imn(E)BrBa+H'(8).
(2.6)

lations system i

[ém!é;]:(l_ZErTén) Omn» 2.2 P(r.,t)
Q,, is the electronic excitation energy of timeth molecule - f ,f*'” PTIN- ey
andJ,, is the intermolecular coupling responsible for exci- _< P+(r,t)ex+ dr —o v A, tHP(rit) ).
ton hopping £ stands for additional degrees of freedéery., 2.7

molecular vibrations, phonons, solvent, gttescribed by the
Hamiltonian H'. Their coupling with the excitons enters
through thet dependence dR,(¢) andJ.,(¢). We have used
the Heitler—London approximation for the intermolecular — £(r,t)= ek ont4 Z gk ot c ¢, (2.9

In a frequency-domain pump—probe measurement, the elec-
tric field is given by
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where £, represents a strong pu'mp.field V\{heré&sis a Gﬁlmzmg(—wziwla—wz,ws)
weak probe. Expanding the polarization to first order in the

probe, we have
= 2 Gnn’(ws)Gmémz( w5)

Pt

n m1m2m3
P(r,t)=f dr’ dt’ .2(r,t,r' ;[ £, &s(r' ), (2.9
P s XF(:’)mimémé(_wS;wl'_wZ’wS)Gméml(wl)

where.72 denotes the linear response function of the system X Gmgma(‘%)’ (2.19
driven by the pump alone. The formal expression of the re- _
sponse function can be obtained by perturbative expansion a¥hereT'™ is the two-exciton scattering matrig.

Eq. (2.7) which yields Using these quantities, we obtain the following expres-
sion for the response to first order ify, and partially re-
(L [4,]) sumed to infinite order ¥,

. ) ([ ED) =2 p(r=Ry)p(r' —Rp)
=i<P+(r,t)P_(r’,t)exp{if dr” dt” mn

do o —iw(t—t")
X | 5= Fmw.[£p))e :

(2.19

>< gp(r”,t”)ﬁ),(r”,t”)

>. (2.10

We next expand the response function in powers of theyith

pump, resulting in B , 2 o : -
%mn(w![gp]):,“ {ffc/mn(wa[gp])"_gnm(w’[g'p])}'

AL 5D (219
The one exciton Green functiof¥,,(w,[#,]) for the
=i<|5+(r,t)I5_(r’,t’)) system driven by the pump field is defined as follows. We

first introduce the time-domain Green function

~ ~ A <. (t,t":[~,]) in the presence of the pump field:
+i2J dr” dt"(P,(r,t)P_(r',t")P_(r",t")) m [p]) P pump

XE(r" )+ (2.11) Fmn(tit ’[gp])E_i<Bm—(t)Bn+(t )
Successive terms in this expansion require the evaluation of Xex;{if drdr P_(r,7) Zo(r,7) >
higher-order correlation functions of the dipole operator. For
a weak pump it is sufficient to truncate the sum to second (2.17

order in #,. The necessary correlation function . ' . .
P . Since the pump field is monochromati&q. (2.8)], this
(P,.P_P_P_) then represents the third-order response. Fobreen function can be expanded as

a strong pump we need to sum the series to infinite order.
This can be done approximately using diagrammaticymn(t,t',[ggfp])

technique$. To present the result we define the bare one-
+ o

exciton Green functiol® ,,(w): B J do do’ . " ..
N (27)?
Gmn(@)=—i JO dt €°4(B,(1)B,(0)). (2.12 X2m8(w— o' —20,N) C0N(w;[ £,]). (2.18

The Green function in Eq.(2.16 is defined as
We further introduce the two-exciton Green functiéi?:’ L[ £,)=2)w,[£,)). It can be obtained by solving
the Dyson equation

G§12r‘r)11m2m3(_ Ws; w1, Wz, w3) ) _
T @[ £p])=Cmi(@)+ X G ()
m'n’
EJO fo fo dt, dt, dt; e (e1ti~wata+wats) X3 (0 [Z) G0 [Zp]). (219
A A L ~ L Equations(2.16 and (2.19 were obtained using the dia-
X<B”+(0)Bmz*(t2)er(tl)Bmaf(te*»’ (2.13 grammatic technique introduced in Ref. 4, where a single
line stands for the exciton Green functihandI'" denotes
which satisfies the Bethe—Salpeter equation the two-exciton scattering matrixZ(w,[ #,]) can be ex-
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FIG. 1. Diagrams contributing to the Stark sign@). Stark self-energy,(®
to the second order in the pump figldg. (2.20]. (b) Diagrams contributing
to the polarizatiofEgs.(2.16 and(2.19].

lll. PUMP-PROBE SPECTROSCOPY OF PERIODIC
AGGREGATES

In periodic aggregates the exciton Green function intro-
duced in Sec. Il can be further simplified by switching to
momentumk space, we adopt the following convention:
dk=(2m/a)? d’, wherea is the lattice constant ardlis the
dimension of an aggregate. Molecular monolayers and mul-
tilayers have a two-dimensional periodicity. In this section
we consider a perfect one-dimensional aggregate with near-
est neighbor interactions and neglect the additigraggrees
of freedom. This model can serve as an excellent starting
point for the simulation of optical properties dfaggregates.
The optical response of cyclic periodic aggregates have been
considered in Ref. 12. The photosynthetic antenna com-
plexes have a circular geometry with 9, 12, and 18
chromophoreg®

The one exciton Green functida(w,k) is now given by

1
w—e(K)+i7(K)/2'

G(w,k)= 3.1
wheree(k) is a dispersion relation for free excitons, amn)

is a phenomenological momentum-dependent scattering ma-
trix. The two-exciton scattering matrix has the following
form in the momentum domain:

pressed as a sum of diagrams with two external lines carry=y,

ing the probe frequency and arbitrary number of external
lines carrying the pump frequeney, . The latter determines

the order with respect to the pump field. Whenis in the

I'(—ws—Ks 01Ky, — w2~ Kz, w3K)

=Fa)(_ws_ ks;wlkla_wz_kaWBkB)r (3.2

absorption region, to avoid the compensation of the Smalﬁa)(—ws—ks:wlkl,—wz—kz,wsks)

factors related to the pump field by large resonant factors

G(w) we introduce the sum of diagrams contributing. 4

= (w1+w3,k1+k3), (33)

which do not contain these resonant factors and denote this,
sum by 3®(w[#,]). This leads to the Dyson equation wit

(2.19. Since the real and imaginary parts Efs)(w,[éfp])

. d ' -1
determine the shift and the broadening respectively of theF(w,k)E—Z[f : P Glw',p)Glw—w' k—p); .

absorption line induced by the pump, we will refer to
Eﬁ%(w,[&’b]) as the Stark self-energy. It can be expanded in

even powers of the pump field,, and the leadingsecond

2
(3.4

[The momentum dependenceﬁf” given by Eq.(3.3) fol-

orde) term is given by diagrams with two external lines lows from the following real space relatiori:“ff’}])wzm3

carrying the pump frequenay, as shown in Fig. (g). Note
that the polarization which is related t¢;,, is given in this

approximation by the infinite sum of diagrams shown in Fig.

= 5nm2 5m1m3anl-]
The Stark self-energy is given by

1(b) containing all orders of the pump fielfThis means that %9 (w,k;w, k, ,[gp]):MZF_“>(— w—K;wpkp,

if the Green function’s” is given by diagrams presented in

Fig. 1(b), it can be expressed in the form of EG.19, with
3O presented diagrammatically in Fig(al and given by

Eqg.(2.20.] The Stark self-energy can therefore be expressed
in terms of the bare Green function and the two-exciton scat-

tering matrix:

o t i
SO [LD)=p2 2 T~ wiwp,—op,)
m!n!mHnH

XGm/m//(a)p)G* (ﬁ)p)gmug* . (22@

n'n” n”

Equation(2.16) together with(2.12), (2.19, and(2.20 con-

stitutes the main formal result of the present article which

will be used in the coming sections.

wp—kp, 0K)|G(wp ko) |2 £]2.
(3.9
The response function now becomes
Z(wk;wpKp, [£p]) = w A wk;wpkp [ £p])
+ M (—o=Koky [£])],
(3.6
with
L wk;wpkp,[£p]) ={o—e(k)+in(k)/2
=3 (wk;opkp [ZpD} 1 (37
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FIG. 2. Linear absorption for a periodic one-dimensional aggregées.
System with various diagonal disorder paramefier,system with various
exciton-phonon coupling; for other parameters see text. FIG. 3. Differential absorption for a periodic one-dimensional aggregate.
For several pump intensitidge|Z,[%, 1,=nlo, with 1,=0.1 MW/cn?. Up-
per panel: forw, tuned below the bandedge, — €(0)=—625 cm L. Middle
panel: forw, close to the bandedgapze(O)=—5 cm L. Bottom panel: for
The linear pulse absorptidin the absence of the pump ~ ®» inside the bandw, —€(0)=625 cm .

is given by

So(@)=1m R(w,0p,[#,=0]) 300y [£)# T (+ wp k+kp=0), 312

=u? IM[G(w,k=0)+G*(—w,k=0)] (38  and w~€0). When w, is tuned below the bandupper
pane), = is real, and the differential absorption assumes a
3 3 dispersive form, reflecting a blue shift of the total absorption
Sp(w;wp,[£p])=IM Zw;0p,[£p]) (So+Sp). Whenw, is tuned inside the ban@ottom panel
,— ( 3 is essentially purely imaginary and contributes a dy-
—Im %(w;w,,[~£,=0]), 9 . . . . , .
m A w;wp,[£p=0]) 3.9 namical line broadening to the Lorentzian profile of the dif-
where ferential absorption. Whenw, is close to the bandedge
P N 2 _n- —are (middle panel, the real and imaginary parts Bf® are com-
A 0j0p,[£p]) =A@, k=005 kp=0[%p)). (3.10 parable and the differential absorption has an asymmetric
We now apply these results to an infinite one-dimensionaprofile.
periodic aggregate with nearest neighbor interaction,

and the differential probe absorption is given by

e(k)=Q—2J cogka), (3.1) IV. SIGNATURES OF STATIC DIAGONAL DISORDER

. . IN OPTICAL STARK SPECTROSCOPY
whereJ>0 is a transfer matrix element, the band edge en-

ergy ise(0)=Q—2J, anda is the lattice constant. In all cal- The structure of organic aggregates usually contains
culations we used the parametdrs312.5 cm?, andu=0.5 various types of disordefe.g., intermolecular separations,
Debye?® which are typical for anthracene. We further as-relative orientations and impuritiesThese reflect the rela-
sumed a wave-vector-independent widik)= =10 cm 1. tively weak intermolecular forces which makes fluctuations

The solid curve in Fig. @) shows the linear absorption more likely compared with inorganic crystals. To explore the
lineshapeS,. The differential absorptiorS, for various effects of disorder we incorporate static Gaussian diagonal
pump intensities is displayed in Fig. 3. These results can bdisorder to the model of Sec. Ill. We assume that the energies
interpreted by noting that the Stark self-energy is propor{}, are given byQ,=Q+U,, whereU,, are independent
tional to variables with a Gaussian distribution.
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perfect
lattice

disordered
aggregate

n=100
——————— n=500

n=1000

x4

phonons

n=100
------- =500

n=1000

2 s . | 1 1
-150 -75 0 5 150 -150 -75 0 75 150

- £0) (cm™) ®- &0) (cm™)

FIG. 4. Differential absorption forw, tuned below the bandedge FIG.5. Differential absorption foi, inside the bandw,—€(0)=625 cm)
(w,—€(0)=—625 cnY) for a periodic one-dimensional aggregate and vari- for an aggregate with different diagonal disorder parametddashed line:
ous pump intensities. Top panel: purely electronic system, no coupling witf0 disordero=0.

nuclear degrees of freedom. Middle panel: with diagonal disorger10
cm L. Bottom panel: with coupling to acoustic phonoRg,~=50 cm 2,

T=100 K. The probe absorption is now given by E¢8.9) with G and

'™ given by Eqgs.(4.2—(4.5. In Fig. 2a) we display the
linear absorption for various values of the disorder parameter
o. The self-energy, is complex, and ag increases, the line
(Upy=0U Uy =028mn, (4.1)  shape broadens and undergoes a blue shift. In Fig. 4 we
display the differential absorption fap, tuned well below

fhe bandedge for a disordered aggregate. For comparison we

,rAadéaUve dleca‘?:‘ atnd effetcr:]ts of t.ex?ton Ioctgllzartlno(l.et;, show in the top panel the same quantity in the absence of
nderson localizationon the optical properties have been disordera=0. Both systems show a similar blue shift, since

studied*>~** The necessary Green functions have been calr) ., s t
. . . T'® vanishes in this cas&®=T® and we can neglect the
culated in Ref. 4. The one-exciton Green funct®fw,k) is 9

self-energies iIG(w), G(0') and iNG(w+ w,— ') in EQ.

and(---) denotes averaging over static disorder. Cooperativ

given by (3.4). These results are in qualitative agreement both with the
1 experimental work of Johnscet al® on pump—probe spec-
G(w,k)= o= (k=S (@) FinK2’ (4.2 tra of BIC J aggregate and with numerical simulations per-

formed using the sum over states expression for the nonlin-
where the self-energy representing the effects of disorder isar respons&. In Fig. 5 we show the differential absorption
calculated by solving the self-consistent equation: for different values of disorder parametewhen, is tuned
within the band(solid curve$. For comparison we also give

S(w)= sz dk 1 i . (4.3  the signal in the absence of disorddashed curvgsWe see
w—e(k) =% (w) +in(k)/2 an additional blue shift induced by disorder. The reason is

. is proportional too?|,[%. In addition, % (w) in (4.3) is com-

r=r@4r® (4.4 plex and also contributes to the line shift. Figures 4 and 5

thus clearly show enhancement of both of the dynamical

ith T@ g Eq.(3.4
wit given by Eq.(3.4), and broadening and spectral shift due to disorder.

I (—w—K;wpky, — 0p—kp, k)
V. EFFECTS OF PHONONS

2
_7 f dp 2w 8(w,— e(p))L(k+p, 0+ wp). (4.5 To incorporate t_he dynamicall eﬁect; of phonon we adopt
Lo a model of harmonic phonons with exciton—phonon interac-
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tion linear in phonon operators. The pump probe signal for a
two electronic level model coupled with phonons witha | ... S
Brownian oscillator spectral density can be calculated ex- __—_h\/
actly for an arbitrary pump intensify.In the case of molecu- L

lar aggregatesil ., [Eq. (2.1)] can be written in the forrf:

DD s Fac=0cm1
A AL A AL N i _ -1
Hina= Q2 BrBint 2 JniBrBat 2 Qmebby Fa =100 cm
m m#n m,n 1
+% VinnBmBa(b" +b)). (5.1)
The first three terms represent the free excitons and phonons A » M
energy, the last is the exciton—phonon interaction. The sum A Lro F=0cm
over m and n in the fourth term includes diagonal on-site i ——F,_=75cm’

coupling n=m as well as off diagonal coupling. Optical 1
phonons usually couple through the former terms and acous-
tic phonons through the latter.

In the momentum domain, this Hamiltonian assumes the
form

s [ date(@B] B+ (@b byl

S+ L+ 0 - 0 i B
+f dp da{V(g,d—p)ByBgby 0) (cm !y
o - ¢(0) (cm

+V*(q,9—p)By Bybg ). (5.2
. . FIG. 6. Differential absorption for various exciton-phonon coupling strength
where E(q) is the exciton energ[/Eq. (3-11)] and F ... Dashed line: no exciton—phonon coupling.
V(g,q—p)=> o Ra-RI-Ip-Rn-Roy . (5.3
mnl

T~ w—K;wpk;wpKy , — 0, — Ky, ok
Neglecting the real part of the self-energy, the one-exciton (Tokiopkiophy, —wp—kp,wk)

Green functionG(w,k) become$

C
= — f dp' g(p,,k,wp)f dp eiek/kT
1 Lo

G(w,k) = (5.4)

w—e(k)+iX(k)+in(k)/2’ XT@(k+p,e(p)— o), (5.9
where the phonon self-energy is given by where we have used the following notation:
E(k)=; f dp f(p,k), (5.9 Foch dp F(p)ex;{—%ﬁ) ,
with 9(p,0o; Q) =27V(do,do—P)2(L+N[Q(dp—P)])
f(p.p')=2|V(P",p’ ~P)[*(1+NL (P’ ~p)]) &(e(P) X S e(p)— Gy p))+ 27V (p.p— o)
~e(P) =P =P+ 2mV(pp =Pl XN (o)1~ e(p) ~ Q(p—0i)),
XN[Q(p—p')]5(e(p)—€(p’) —Q(p—p")). (5.10

(5.6) e(p) -1
_ -1 - C= dpexp — —= .
Nqo=[expQ/kT)—1]" " are the Bose occupation numbers and kT

T is the temperature. The exciton-acoustic phonon coupling We note that botfE(k) and ™ are quadratic in the

function i coupling V. In the following calculations we assumed
cog (k+g/2)a]sin(qa/2) Q0,=67 cm ! (Ref. 40 and T=100 K, and varied the cou-

V(K,q)=Fa —_— : (5.7 pling strengthF .. The linear absorption is displayed in Fig.
sinlqa/2 2(b). The phonon self-enerd¥eq. (5.5)] is purely imaginary,

and the phonon spectrum modeled as and the lineshapes broadenRs is increased. The differen-

0.4q) =, siflqar2]. 5.9 tial absorption whenwy, is tuned off resonant is displayed in

the bottom panel in Fig. 4. SincE® =0, this case looks
The two-exciton scattering matrix is given by Eg.4) with  qualitatively similar to the pure and disordered aggregates
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(other two panels Calculations forw, tuned inside the band A2 (yk; wpkp) = — RO (—w—k; wpKp,— wp—Kp, oK)
are displayed in Fig. 6. Since the exciton self-eneXgl) in
Eq. (5.5 is purely imaginary, the differential absorption

broadens(but does not shiftas F, is increased. This is
different from the case of disordéFig. 5 which shows shift

< {RD(wk)} L,

A(4)(wk;wpkp)

as well.

VI. DISCUSSION

In the article we applied the Keldysh correlation function

=RO(—w—k; ok, —wp—Kp, 0Ky, — wp— Ky, k)
X{RW(wk)} 1

X{RW(wk)} 2. (6.6

formulation of nonlinear response to optical Stark spectros-

copy of Frenkel excitons including static diagonal disorderEquations(6.6) provide a general connection between the
or coupling with phonons. The differential absorption line- Stark self-energy and the nonlinear optical response func-
shape to lowest order in pump intensity can be expressed itons R(™. Similar expressions can be derived for the higher-
terms of the one exciton Green function and the two-excitororder terms. A relation between the Stark shift and the de-
scattering matrix which determine the third-order responserivative of the linear response functidii¥(w) with respect
This suggests that to lowest order in the pump intensity théo o has been proposed in Ref. 31 for a two-level model.
Stark self-energys(® can be expressed in terms of the re-This is in good agreement with E¢6.6) since for a two-
sponse functionR® andR®. We shall now derive a more level moIecuIeR(3)(—w;wp,—a)p ,) can be expressed in
general relation between the Stark self-energy and the re¢erms ofd R(l)(wp)/dwp. Equation(6.6) show however that
sponse function®™, which holds to all orders in the pump in general the Stark self-energy depends on higher-order re-
field. The response functior®™ are defined through the sponse functions and may not be simply relate®to. It is

expansiorf

“1
P(r,)=>, — | drydt,...| dr, dt,
n=0 n!

XRM(rt;rgty, ... Fptn) Z(r,ty). . &, tn)

(6.1
with
RO(rt;ryty, ..., Moty)
=i"P . (rLH)P_(ry,t)...P_(ry,ty). (6.2
In (k,w) space we have
RO(—w—k;w1k;,— 0~ ky, w3K3)
=J J J dxg dx, dxg R (rt;ryty,roty,rats)
@l @1(t=ty) —iky - (1=1p) g=iwp(t—tp) +ikp-(r=r3)
X g st =) ~ikg:(r=rg) (6.3

wherex;=(t; ;). The response functiom® [Eq. (2.9)] in the

presence of the pump can be written in the form
R (wk)

1+A(wk;opky,[£p])°

A wk; 0k, [£p])= 6.4

with
A(wk; 0pky,[£p])= 2 APY(wk;woky)| 22" (6.5
n=1
Substituting the electric fiellEq. (2.8)] in Eq. (6.1), expand-
ing to linear order inZ, and comparing the expansion.af

in powers of Z, order by order with the expansio(.4)
gives

possible to calculate optical response functions using expres-
sions based on sum over stafBghese show large cancel-
lations of terms in calculating the Stark effect. Such cancel-
lations for R® in molecular aggregates have been
demonstrated in Ref. 5. The Green function technique used
here expresses the Stark self-energy in terms of the exciton—
exciton scattering matrix which is a measure the anharmo-
nicity of the Frenkel exciton system. It does not suffer from
such cancellations. It also provides a physical picture of ex-
citon dynamics in terms of weakly coupled slightly anhar-
monic oscillators.

Our results suggest that optical Stark spectroscopy can
be used to probe the frequency and wave-vector-dependent
two-exciton scattering matriX'(w,k). We have shown both
analytically and numerically that if the pump is tuned below
the exciton band, the differential absorption is very similar in
all three cases considerépurely electronic aggregate, dis-
ordered, and with exciton—phonon couplingnd that the
Stark spectrum is related {{w+ w, ,k~0). This similarity is
maintained whenw, is near the bandedge. The picture is
more interesting when the pump field is tuned inside the
exciton band. In the purely electronic model we still probe
I'(o+wy ,k=0). In disordered aggregates we have an en-
hancement of the Stark effect given by the ratio of the
dephasing rate related to the static disorder to the inverse
lifetime (which is typical for the degenerate four-wave mix-
ing spectroscopy Another characteristic feature of the dis-
ordered system is that the signal is given Biw+w, k')
with e(k’)=w, . This means that real excitations are created
by the pump field, and their energy is not affected by the
excitation process since the scattering induced by static dis-
order is elastic. Coupling with phonons yields a similar en-
hancement with the only difference from the disorder case is
that the dephasing rate is related to the exciton—phonon scat-
tering. However the signal is in this case related to
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