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Theory of multiexciton dynamics in molecular chains
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Ultrafast and strong optical excitation of a molecular system is considered which is formed by a regular
one-dimensional arrangement of identical molecules. As itis typical for zinc chlorine-type molecules the transition
energy from the ground state to the first excited singlet state is assumed to be smaller than the energy difference
between the first excited state and the following one. This enables the creation of many excitons without their
immediate quenching due to exciton-exciton annihilation. As a first step into the field of dense Frenkel-exciton
systems the present approach stays at a mean-field type of description and ignores vibrational contributions.
The resulting nonlinear kinetic equations mix Rabi-type oscillations with those caused by energy transfer and
suggest an excitation-dependent narrowing of the exciton band. The indication of this effect in the framework of
a two-color pump-probe experiment and of the detection of photon emission is discussed.
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I. INTRODUCTION

Although investigated for decades it is still of interest to
uncover details of excitation energy transfer (EET) in dye ag-
gregates, conjugated polymers or supramolecular complexes.
The technological importance of EET in photovoltaic cells
or light emitting diodes may be the major explanation for the
ongoing research (see, for example, the recent overviews [1-3]
and Ref. [4]). So-called multiexciton effects which come into
play if stronger optical excitation is applied may be another
reason for the continuing work. Such studies are of more
fundamental character and are related in most cases to exciton-
exciton annihilation (recent work is described in Refs. [5-10]).
Stronger optical excitation of molecular systems is also of
particular interest if the molecules coat a metal nanoparticle.
Subsequent plasmon excitation may cause what is described in
literature as the SPASER effect [11,12]. Interestingly, theory
and simulation of multiexciton phenomena in the molecular
system are not of such a degree of elaboration as the description
of respective processes in semiconductor nanocrystals and
quantum dots (see the somewhat older work of Refs. [13-16]
on multiexciton effects). Following our recent attempts in
Refs. [17,18] we suggest a theory here which is ready to
describe the dynamics of multiple electronic excitations in
molecular systems.

We assume that E,., is the energy difference between
the ground state (S, state) and the first excited singlet state
(S; state). Moreover, E, shall label the energy difference
between the Sy state and the higher lying level (S, state) of the
considered molecules. Exciton-exciton annihilation proceeds
if 2E,, comes into resonance to a transition into the S; state,
ie., Eyr, =~ 2E,,. Considering vibrational excitations, too, this
requirement is fulfilled for many types of molecules. Here,
however, we will consider molecular species where 2E,, is
out of resonance to a higher transition. For example, the zinc
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chlorine molecules studied in [19] fulfill 2E,, < E,. As a
consequence, excited state absorption from a molecule already
excited into its first excited state with the same amount of en-
ergy does not take place. And, exciton-exciton annihilation is
not possible. Instead the simultaneous excitation of molecules
into their first excited state efficiently shall take place. This
will be the subject of the subsequent considerations.

Excited state dynamics and excitation-dependent emission
spectra will be presented in the following for one-dimensional
(1D) molecular systems (nanowires) which have been in-
tensively studied in the literature. Femtosecond pump-probe
spectroscopy could be applied to thin films of the quasi-
one-dimensional organic semiconductor 3,4,9,10-perylene
tetracarboxylic dianhydride (PTCDA) [20]. Long-range ex-
citon migration in individual perylene bisimide J-aggregates
has been reported in Ref. [21]. Similar experiments on single
perylene-based H-aggregates were described in Ref. [22].
Femtosecond hot exciton emission was detected for the
quasi-one-dimensional m-conjugated organic rigid-rod quan-
tum nanowire of methyl-substituted ladder-type poly(para-
phenylenes) [8]. Reference [23] describes experiments on
EET in cyclic structures of w-conjugated materials covering
several monomers. The quoted experimental work motivates
the restriction to molecular chains which will consist of up to
25 monomers (cf. also the scheme in Fig. 1).

A consequent quantum theory of a strongly excited molecu-
lar system but coupled to a metal nanoparticle has been offered
recently in [17,24,25]. This theory handles the dynamics of the
strongly excited state of some tens of molecules interacting
with the dipole plasmons of a spherical nanoparticle in an
exact manner. Moreover, an approximate description which
is similar to the one used hereafter and presented in [18]
was able to describe the molecule-plasmon system with
up to 100 molecules (cf. Ref. [24]). It coincides with the
exact approach for lower numbers of molecules (up to 20).
This observation encouraged us to use the same approach
but without the presence of a metal nanoparticle to study
multiexciton effects in a molecular chain. All equations of
motion used in the following have been already presented in
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FIG. 1. Scheme of a linear arrangement of identical molecules
with transition dipole moment perpendicular to the chain axis
(H-aggregate configuration). Optical excitation (orange arrow) may
move the molecules into their excited state (yellow sphere).

Ref. [18]. Here, we consider special molecules with 2E,, <
E ¢, where exciton-exciton annihilation is of less importance,
but study the simultaneous excitation of many molecules into
their first excited state beyond a rate-equation-type description
and by the inclusion of possible formation of delocalized
exciton states. However, the present description ignores the
direct consideration of two-exciton correlation. In this sense
it represents a type of mean-field theory for the treatment of
multiple excitations. Those are accounted for by a nonlinear
dependence on the molecular excited state population. We will
concentrate on the change of Frenkel-exciton-type states with
the strength of ultrafast optical excitation.

The paper is organized as follows. The subsequent Sec. II
introduces the model and the used equations of motion to
study ultrafast excitation. Photoinduced EET dynamics are
considered in Sec. III. A possible spectroscopic detection of
the suggested change of the exciton spectrum with excitation
strength is discussed in Sec. IV and in the Appendix. Some
conclusions are drawn in Sec. V.

II. MODEL AND BASIC KINETIC EQUATIONS

Photoinduced EET kinetics are investigated for a complex
of Nmol molecules for which the ground state |¢,,¢) with energy
E,, and the first excited state |¢,.) with energy E,,. are
considered (m counts the individual molecules). The overall
Hamiltonian including ultrafast laser pulse excitation is written
as

H(t) = Hexc + Hﬁeld(t)- (])
It covers the standard exciton Hamiltonian,
Hexc = Z Em B;;Bm + Z Jmn B;Bn (2)
m m,n

Here, the ground-state energy has been set equal to zero, and
we abbreviated E,,, — E,;q by E,,. The B, are transition op-
erators B," = |@me) (¢mg| moving molecule m from its ground
state to its first excited state. Be also aware of the important
relation B} B,, + B, B} =1 (completeness relation for the
two-level system). The energy transfer (excitonic) coupling
has been denoted by J,,. It is used in dipole approximation
(justified by the considered values Aryo of intermolecule
distances),

Jnn = Kmndmdn/anw (€)
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The transition dipole moment of molecule m has been written
as d,, =d,e,, and R,,,, = R,,,n,,, is the distance vector
connecting the centers of mass of the two molecules. It
results in the following orientation factor «,, = [e,e,] —
3[e,,n,,, 1[0, e,]. The excited states which are covered by
the given description are the single excitations of different
molecules. A state with N* excited molecules simply reads

|¥n+) = By ...B}. ). 4)

Here, |¢,) is the electronic ground state of the whole molecular
system (a good approximation would be |¢,) = [, [@me))-
The coupling to the laser pulse takes the form,

Hfela(1) = —E(1) - de B +H.c.. ®)

m

The electric-field strength,
E(t) =ngE(t)e '™ +c.c., (6)

refers to a single pulse with unit vector of field polarization
ng, with carrier frequency wy, and with pulse envelope,

E(t) = Egexp (—4In2(t — 1,)°/7;). (7)

We introduced 7, as the full width at half maximum (FWHM)
of the pulse. To simplify the notation we abbreviate

Ru(t) = —E@t) - dy = —ng - dp E(H)e ™ +c.c..  (8)

Equations of motion

As demonstrated, for example, in Ref. [18] kinetic equa-
tions can be derived by considering time-dependent expec-
tation values of different arrangements of the operators B;}
and B,. Therefore, we introduce the arbitrary operator O. Its
expectation value O(t) = (0) = tr{p(1) 0} is defined by the
reduced density operator p(¢) which should obey the following
quantum master equation:

o . i o
gp(t)——h[H(t),p(t)]— Dp(2). ©))

For the sake of simplicity we chose a description where dissi-
pation exclusively appears via a decay of the excited molecular
state. The action of the related dissipative superoperator takes
the form,

ki . A
Dp(r) = Z 7([B$Bm,p(t)]+ —2B,p(1)B,), (10)

m

where k,, denotes the decay rate referring to molecule m. In
the concrete computations we assume the related molecular
lifetime in the nanosecond region (decay of excited state
population). However, the single molecule excitation dephas-
ing (decay of ground-state excited state off-diagonal density
matrix elements) has been fixed below 1 ps. Such a model of
dissipation also implies the absence of exciton relaxation due
to emission and absorption of vibrational quanta.
Following the quantum master equation we may write
9.0y =l L0
7(0) = r{atpo }

- %([H(t),OA]_) —(DO). (11)
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The modified dissipative superoperator follows as

. K . R
DO=)" S (B} B,.01, ~2B]0B,).  (12)

" |
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Noting the general type of equations of motion (11) we easily
derive equations for different types of O. Identifying this
operator first with B;} we obtain (for details see [18])

3 i i i k
—(BY = —E,(BY+ =Y Jim(B (1 —2B}B,)) + —R:((1 —2B}B,)) — —(B}). 13
(B =7 <m>+h;k<k( o Bu)) + 5 R (= 2B, Bo)) — S (B,)) (13)
In a next step we consider the case O = B} B, and arrive at
9 (B B,) Z(Jk (B B) — Jui (B BL) + — R*(B ) — iR (B — k(B By). (14)

According to the derived equation, next, we have to consider 0= B+B,1 (m # n),

9 i
<B+Bn) = E(Em E,1)<B;Bn

5 m

i i
—R*((1 —2BB,)B,) — —
3 R m Bn)Bn) — =

Obviously, the three types of equations do not form a closed
set for (B}t), (B} B,), and (B} B,). Expectation values with
three and four transition operators appear accounting for the
correlation of two excitations, for example. We will ignore
such higher correlations in the following and focus on the
most simple but nontrivial case of nonlinear kinetic equations
describing EET. Therefore, a decoupling scheme is used
where the operator expression of type 1 — 2B;} B,, whenever it
appears is replaced by its expectation value (1 — 2B,/ B,,) [27].
This expectation value coincides with the so-called population
inversion P, — P,. between the ground and the excited
state of molecule m. It controls energy transfer among the
molecules if more than a single excitation is present in the
system (see also below).

While carrying out this decoupling it also would be of
interest how to arrive at the standard Forster-theory of EET.
In order to get this approximate description it suffices to
compute (B} B,) in the lowest order in J,, and insert the
result into the equation for (B*B ). If, simultaneously, the
expectation values (1 —2B;'B,) have been set equal to
I and the terms ~ R, are neglected we have obtained a
standard rate equation. However, it includes a rather crude
version of the EET rates, what is caused by the simple
model of dissipation used here (cf. also the discussion in
[18]).

To present the equations of motion derived according to
the suggested decoupling scheme we introduce a number of
abbreviations. The transition amplitude is written as

Bn = (B,). (16)
The molecular excited state population is
P, = (B} By,), a7)
and we introduce

Wmn = (1 - (Sin,n)(B;ern>a (18)

Zka (1 —2B; B,)B;{ B,)

R,(B}(1—2B'B,)) —

Z Jo (B Bi(1 —2BFB,))

ko k,,
M (BYB,). (15)

(

which is completely off-diagonal with respect to the
two molecular indices. Furthermore, we set w, = E, /A,
Wy = Wy + lkm/z, jmn = Jmn/hs Im = Rm/hs and Opp =
&y — @, It results in the following set of equations of
motion:

d - - .
o P = imBn +1 ;ka(l — 2P +irt(1 —=2P,),

(19)

9 p 1P+ZIZ'W + 2Imry B, (20)
im = T Im m mn YYmn mry, Pm ,
ot T J

and

9 W, [ D W, [ Jrum (P, P,)

~Win = 1Oun Wimn — Unm\Fm — Ly

at /

i) m(1=2Pn)Win =i > juk(1=2P) Wi
k+#n k#m

+iry (1 —=2P,)Br —ir,(1 —2P,)Bn. 21)

To obtain the last equation we noticed (BJr ) = Op.n Py +
(1 — 8x.n)Wiy,. Now, we have a closed system for 8,, P,,
and W,,,,. Note also that the term —k,, P,, has been replaced by
1/t X P,,. Therefore, k,, /2 is considered as a pure dephasing
rate while t,, represents the molecular excited state lifetime
located in the ns region (we introduce a common quantity Tmo
identical for all molecules).

To arrive at the final working equations we just
carry out the so-called rotating wave approximation
(RWA) which removes from the kinetic equation terms
oscillating with wy or multiples of it. We set r,(t) =
—exp(—iwpt) X 2,,(t) +c.c. with ,(¢t)=n-d,E(t)/h,
and introduce B, (¢) = exp(iwot) X by, (t).
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Then, the RWA gives
0
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Ebm = i((bm - a)O)bm + [ ;jnnl(l - 2Pm)bn - lQ;kn(l - 2Pm)v (22)
I p (1) = : P (t)—}—ZImZ o Wonn (1) — 282, ()Imb,, (1) (23)
9t m - T m . Jmn Winn m m 5

and

Jat

ad
—Woun(t) = i@pun Woun () = {jum (P (6) = Pu®) + i Y fkm(1 = 2Py Win(®) — i Y e (1 = 2P (1)) Wi (1)
k#n

k#m

—iQ,, (1)1 = 2P ()b, (1) + iy (t)(1 — 2P, ()b (2). (24)

Since the system is in its ground state before optical exci-
tation the equations are solved in using the following initial
conditions:

bm(o) = Pm(o) = Wmn(o) =0. (25)

III. PHOTOINDUCED EXCITATION ENERGY DYNAMICS

In the following photoinduced excitation energy kinetics
in a regular and linear chain of molecules will be discussed.
We do not focus on a particular type of molecule or polymer
but choose typical values of the various parameters which are
slightly varied (cf. Table I). The molecular excitation energy
E, = Eo should be identical for all molecules in a chain
of up to Ny, = 25 molecules. The transition dipole moments
dnnor are also all identical and take the value of 8 D. Moreover,
we assume that the field polarization ng is always parallel to
the actual dipole orientation.

In order to vary the excitonic coupling and thus the exciton
spectrum we change the distance A, among the molecules
introducing the values 1.2, 1.5, and 2.5 nm. The nearest
neighbor excitonic coupling J (A1) amounts to the following
values. Choosing an H-aggregate configuration we obtain
J(1.2nm) ~ 23 meV, J(1.5nm) ~ 12 meV, and J(2.5nm) ~
2.6 meV. In the case of a J-aggregate the sign changes
and the absolute value doubles. Focusing on a linear chain
with nearest neighbor coupling only, the exciton energies
followas &, — Epmol = 2J cosa witha = 7 /(Npot + 1) (j =
1, ..., Nmo) and the whole exciton spectrum covers the range
between Eo — 2J and Eq + 2J.

TABLE I. Used parameters.

Ninol 10-25

Emm 2.6eV

dmol 8D

Ak ol 3 meV

Tmol 1ns

Amol 1.2,1.5,2.5 nm
wo Varied around E ., /h
Ey 10°-10% V/m

T, 20fsto 2 ps

(
A. Preliminary considerations

Before presenting the results of our numerical computations
we consider some simple reference cases where an analysis
helps to understand the following simulation results. An
essential quantity to judge the degree of excitation would be
the total excited state population,

Po(t) =) Py(0). (26)

Its upper limit is Ny, which is reached if all molecules are
in their excited state with probability 1. While we have in
mind the investigation of multiple excitations, standard exciton
theory considers the singly excited state of the molecular
system. The most general type of a singly excited state would
be |¢1> = Zm C(m)BnJH(pg)

The singly excited eigenstate of Hey is the single exciton
state |a) =), ca(m)B;}|¢,) with energy & = hQ,. The
most general type of time-dependent singly excited state can
be expanded by the exciton states. It results the formation of
an excitonic wave packet,

B1(1) = U®)|$1(0) = Y Age™ ™' |ar). 27)

We use this state to compute the time dependence of W,
Eq. (18), and obtain

Won(t)=(¢1(t)| B, B, |1 (1)) = Z ch(m)cp(n) AL Age' .
B
(28)

Accordingly, W,,,(¢) [and also P,(#)] oscillates with the
different excitonic transition frequencies Qq5 = 2, — Q5.
A Fourier analysis of W,,,(t) or P,(t) would indicate this.
Therefore, one should consider the equation for W,,,, in the case
of weak excitation (P,, < 1) where we can remove all terms
proportional to P,,. Now we expect that the solution reproduces
the above given expression. However, in the general case ji,, is
replaced by j,, (1 — 2P,,) and j,x by ju (1 — 2 P,). Effectively,
the magnitude of the excitonic coupling is reduced if the
excitation density is increased.

Finally, weak optical excitation is considered by a direct
solution of the time-dependent Schrodinger equation defined
by H(t), Eq. (1). To stay at the weak excitation limit the
solution is derived in the first order with respect to the exciting
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field included in Hjeq(?), Eq. (5),
Y (@) = U(t,10)|y (o))

l' t
R Ueye(t — to){l — ﬁ/ dt Ul.(t —1t9)
Iy

X Hpe1a(T)Uexe(T — fo)} |g). (29)
The initial state is the molecular system ground state. The
time-evolution operator of the exciton system takes the form
Uexc(t) = exp(—i Hexct /B). The expression in the curly bracket
of the above equation represents the first-order expansion of
the external field induced S operator. We expand the time-
dependent wave function with respect to exciton states,

(aly (1)) = Au(r)

i e
=—— | dt e | Hea(7)]g)
R Jy

: t
~ L f dt e %G E(r)emi T (30)
hJy

The t integral can be easily computed in the limit ¢+ — oo
and tg — —oo [note also T — t, — T and Eq. (7) for the field
envelope]:

i A )
Ayt — 00) = 7 7{-EpZ/ZdaEoe—zQuH—z(Qu—wo)zp

~22(Q—w0)*/8

X e 31

Besides the dependence on the exciton transition dipole
moments d, = d,, - ng the magnitude of the expansion coeffi-
cients A, is mainly determined by exp[—rpz(Qa — wp)? /8]. If
wy coincides with a particular exciton level the factor equals 1;
exp[—tg(Qa — wp)?/8] immediately becomes smaller than 1
if the pulse duration T, is large and if wo deviates a little bit from
the actual exciton level. Large means that 7, is much larger
than the inverse of the frequency width of the exciton band
(tp > 1/Qqp). If the pulse is short exp[—tg(Qa — wp)?/8]
stays close to 1 although wy may deviate from €2,. Different
exciton levels are excited simultaneously. An excitonic wave
packet is formed. Respective examples are discussed in the
subsequent section.

B. Excitation energy dynamics

We consider the temporal behavior of the molecular excited
state populations after laser pulse excitation. To have reference
data, Fig. 2 displays the behavior of an isolated molecule not
coupled to other molecules. The molecule is excited by a 20-fs
long pulse and with different values of the field amplitude. As
long as the latter is sufficiently low the excited state population
P, follows the laser pulse and stays at its final value (remember
that the excited state lifetime amounts to 1 ns). For larger
field strength one or two Rabi oscillations appear covering a
complete excitation of the molecule (P,, & 1) and a subsequent
induced depopulation (the oscillation of P,, slows down with
increasing pulse duration).

The just discussed data for a pulse with 7, = 20 fs shall
be confronted with those of Fig. 3. Here, the P,, of a chain of
10 molecules are drawn for the three different values of the
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FIG. 2. 7, = 20{fslaser-pulse-induced excited state population of
an isolated molecule (resonant excitation hwy = E,o). Black solid
line, Ey = 5 x 107V /m; red dashed line, Ey = 108V /m; green chain
dotted line, Eg = 5 x 108V /m; and blue dotted line, Ey = 10°V,/m.

intermolecular distance, i.e., the excitonic coupling is changed.
The chosen field strength corresponds to the black curve in the
upper panel of Fig. 2 indicating that no Rabi oscillations will
appear. Instead, the oscillations of the excited state populations
visible in all panels of Fig. 3 are the result of EET (the
oscillation period gets larger with increasing intermolecular
distance, i.e., decreasing coupling). Because of the regular
structure of the chain we observe symmetric populations
P, = Py, +1-m- During laser-pulse excitation all molecules
get excited (P, =~ 0.06). Afterward EET from the terminal
sites of the chain to the center set in leading to the peak value of
Ps = Ps. We quote the so-called coherent transfer time .o, =
mh/J (J denotes the nearest neighbor excitonic coupling with
respective values presented beforehand). Related to the actual
value of Apo we get feon(1.2nm) = 88 fs, f.on(1.5nm) =
176 fs, and #.on(2.5 nm) & 807 fs. Such oscillation periods can
be identified in the three panels of Fig. 3. Finally, dephasing
results in an equal distribution of excitation of all molecules.
These steady-state values P*¥ of the excited state populations
increase slightly with increasing A -

This can be understood as follows. The resulting decrease
of J decreases the width of the exciton band. Since we chose
hwoy = E0 We excite at the center of the exciton band with a
full width at half maximum of ~80 meV (corresponding to the
20-fs pulse duration). Accordingly, the excited state population
increases if the exciton band is shrunk.

Figures 4 and 5 demonstrate the effect of the pulse duration.
To stay comparable we took the same value of the pulse
area E = [dt E(t) = Eg/m/41n2 x 7,. Figure 4 displays
the effect of a 100-fs long excitation and Fig. 5 shows data for
7, = 1 ps. Both figures correspond to Ao = 1.2 nm. As long
as the pulse duration is comparable to the coherent transfer
time f.,n (88 fs here), EET among the different molecules
results in oscillations of the excited state populations (Fig. 4).
For larger pulse durations the P, continuously move to their
steady-state values P (Fig. 5). For a given value of A
the P9 decrease with increasing pulse duration. Again, the
decreasing spectral width of the pulse with increasing 7,
localizes excitation more and more at the center of the exciton
band. Since oscillator strength is localized at the upper level in
the considered H aggregate, we notice decreasing values of the
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FIG. 3. Laser-pulse-induced energy transfer dynamics in a chain
of 10 molecules (H-aggregate configuration, 7, =20 fs, Eg = 5 x
107 V/m, hawy = Ene). Upper panel, A, = 1.2 nm; middle panel,
Ao = 1.5 nm; lower panel, Ao = 2.5 nm. Black solid line, P, =
Pyo; red dashed line, P, = Py; green chain dotted line, P; = Pg; blue
dotted line, P, = P5; violet chain double dotted line, Ps = Pg.

P However, if we compare molecular chains with different
Anmo the increase of the intermolecular distance decreases
J. The resulting shrinkage of the exciton band increases the
excitation for a fixed pulse duration.

Next, we turn to the case of higher field strengths to see how
Rabi oscillations interfere with population oscillations due to
EET. Figure 6 displays the case of 7, =20 fs and, again,
a chain of 10 molecules with A, = 1.2 nm is considered.
Therefore, these results have to be confronted with those shown
in the upper panel of Fig. 3. Choosing Ey = 10% V/m only the
overall population is increased compared to Fig. 3. However, a
value of Ey = 5 x 10® V/m induces a Rabi oscillation which
is followed by less pronounced population oscillations. The
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FIG. 4. 7, = 100 fs laser-pulse-induced energy transfer dynam-
ics in a chain of 10 molecules (H-aggregate configuration, A, =
1.2nm, Ey = 107 V/m). Black solid line, P; = Pyo; red dashed line,
P, = Py; green chain dotted line, P; = Pg; blue dotted line, Py = Py;
violet chain double dotted line, Ps = Ps.

strong and simultaneous increase of all P, near a value of
1 somewhat suppresses these oscillations. The effect of an
increasing pulse duration is shown in the subsequent Fig. 7.
Again, if 7, > f,on (lower panel) any population oscillation
disappears.

IV. OPTICAL RESPONSE

The basic equations for b,,(¢), P,(t), and W,,,(t) contain
the terms ~2P, as nonlinearities. These terms decrease the
energy transfer coupling J,,, and we can expect a change of the
exciton spectrum. In the framework of the present description
the spectral changes cannot be calculated directly by solving
an eigenvalue equation. We suggest an alternative way to find
signatures of these spectral changes, finally in the detection of
the emission spectrum or the transient absorption of a pump-
probe experiment.

This alternative way uses changes of the absorption of an
exciting laser pulse (pump beam) if the exciton spectrum
changes. Since we concentrate on a sub-ps excitation the

o © o
N w IS
T T

Population(x1 0'3)
)

< 1 . 1 . 1 .
0 500 1000 1500 2000
Time (fs)

2500

FIG. 5. 7, =1 ps laser-pulse-induced energy transfer dynamics
in a chain of 10 molecules (H-aggregate configuration, A, =
1.2nm, E, = 10° V/m). Black solid line, P, = Pj; red dashed line,
P, = Py; green chain dotted line, P; = Pj; blue dotted line, P, = Py;
violet chain double dotted line, Ps = Ps.
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FIG. 6. Laser-pulse-induced energy transfer dynamics in a chain
of 10 molecules (H-aggregate configuration, Ay = 1.2nm, 7, = 20
fs). Upper panel, E; = 10° V/m; lower panel, Eg = 5 x 10® V/m.

spectral changes shall be detected via an intermediate steady
state of the molecular excited state populations P which
are formed in a time region of 1-100 ps. If we draw the
P which are identical for all molecules versus the exciting
photon energy hw, large values are expected if fwy matches
an exciton energy &,. If this is repeated for different pulse
intensities the changing exciton spectrum should become
visible.

We first calculate the steady-state populations versus hwy
and for different field-strengths Ej to later on explain the
relation to emission and transient absorption spectra. To make
the total degree of excitation also visible we do not discuss
the individual populations P but the total excited state
population,

Py =) P, 32)
m

of the molecular complex.

Figure 8 shows respective results. We present curves
for a chain of 10 molecules either in a H- or J-aggregate
configuration (computations for 25 molecules gave similar
results). PIE;S) drawn versus photon energy of the exciting
laser pulse displays different peaks which change their spectral
position when increasing the laser pulse intensity. As it has to
be expected the peaks are located above E, = 2.6 €V for the
H-aggregate configurations and below E, for the J-aggregate
configurations (there are more peaks for the longer chain).
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FIG. 7. Laser-pulse-induced energy transfer dynamics in a chain
of 10 molecules (H-aggregate configuration, A, = 1.2 nm). Upper
panel, 7, =50 fs, Ey =2 x 10 V/m; middle panel, 7, = 100 fs,
Eo = 10® V/m; lower panel, 7, = 500 fs, Eg = 2 x 107 V/m,

Increasing the laser-pulse field strength the peaks of the
H-aggregate configuration (upper panel in Fig. 8) move to
lower energies. The behavior is opposite for the chain with
J-aggregate configuration. Here, peaks above E are also
visible which move downwards in energy. This indicates a
compression of the whole exciton band which has to be
expected if the energy transfer couplings J,,, are effectively
reduced.

As described in detail in the Appendix the transient
absorption signal as well as the emission intensity become
proportional to the P and in the present case (of a system
of identical molecules) proportional to Pt((ff) . So drawing the
probe pulse signal Sy, or the photon emission intensity lem;
versus the photon energy fwy of the exciting laser pulse and

195413-7



LUXIA WANG AND VOLKHARD MAY

(ss)
Ptot
w

91 s 26 27 28
Energy (eV)

6 T T T T T T

(ss)
Ptot
w

2.4 25 2.6 27 28
Energy (eV)

FIG. 8. Steady-state value P[Eff) of the total excitation of a 10
molecule chain versus photon energy hw, of the exciting laser
pulse (pulse duration 7, = 2 ps, molecular distance Ay, = 1.2 nm).
Upper panel, H-aggregate configuration; lower panel, J-aggregate
configuration. Variation of the laser pulse field strength. Black
solid line, Eg =5 x 10° V/m; red dashed line, Ey = 10’ V/m;
green chain-dotted line, Ey = 2 x 107 V/m; blue dotted line, Ey =
5x 107 V/m.

for different field strengths, it should result in similar curves
as drawn in Fig. 8.

One would also expect that the emission line shape Iy if
drawn versus the energy hw of the emitted photons, directly
displays the changed exciton spectrum. However, as detailed
in the Appendix, this is not the case. The completely relaxed
exciton state and the random character of photon emission
avoids this. In contrast, we have to note the coherent character
of optical excitation also included in the equation of motion
for W,u, = (B} B,). This guarantees that the excitation process
notices the intensity-dependent change of the exciton spectrum
as displayed in Fig. 8.

V. CONCLUSIONS

The nonlinear response of a regular 1D molecular system
on ultrafast and strong optical excitation has been discussed.
To avoid exciton-exciton annihilation as a dominant quenching
process we considered a system where the ground-state—first-
excited-state transition energy is smaller than the first-excited-
state—second-excited-state transition energy. Now, resonant
optical excitation may result in the creation of many excitons.
To investigate such dense Frenkel-exciton systems we applied
a reference approximation leading to a mean-field description

PHYSICAL REVIEW B 94, 195413 (2016)

and neglected vibrational contributions. An interference of
Rabi-type oscillations with oscillations caused by excitation
energy transfer dominates the temporal behavior after laser
pulse excitation. If the total degree of excitation is analyzed
versus the energy of exciting photons a shrinkage of the
exciton spectrum with increasing excitation intensity appears.
We demonstrated a possible detection of this effect in the
framework of a two-color pump-probe experiment and the
measurement of photon emission. Of course, the importance of
the described behavior can be only judged if an assessment of
the used mean-field description has been carried out. Improved
decouplings of the hierarchical system of equations of motion
are under investigation.
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APPENDIX A: TRANSIENT ABSORPTION SPECTRUM

We consider the probe-pulse transient absorption within a
two-color pump-probe experiment and focus on the sequential
regime without any temporal overlap of the pump and the probe
pulse. This corresponds to the detection of the steady-state
situation of the excitonic system after optical excitation with
the laser pulse introduced in Eqgs. (5) and (6). The excitation
(pumping) appears at carrier frequency wo and with field
envelope E(t). To distinguish both quantities from those
belonging to the probe pulse we denote the probe pulse
frequency as wp, and the respective envelope as Ep.(t). While
the photon energy of the pump pulse is close to E,, that of the
probe pulse shall be in resonance to &, = Ey — Eye # Ep.
So, the population of the first excited state of the molecules
can be probed via excited state absorption.

Following the standard scheme of determining transient
absorption spectra (see [16] and references therein) we
calculate the probe-pulse transient absorption signal according
to (note the application of the slowly varying amplitude
approximation)

Spr(t) = 2V wpIm[ E[ (1) Py (1)]. (Al)
If integrated with respect to time it gives the energy gain the
molecular system experiences due to the complete probe-field
action (V denotes the sample volume). Since the probe
pulse shall act after an (intermediate) steady state has been
established due to the pump pulse action, the probe-pulse-
induced polarization Py(¢) is computed in a linear response
approach [28],

Por(t) = / df DR (1 DEx(D).  (A2)

The response function is defined with respect to the pump-
pulse-induced excited state. It is accounted for by the steady-
state form 5 of the density operator. Moreover, the response
function depends on the time difference only and takes the

195413-8



THEORY OF MULTIEXCITON DYNAMICS IN MOLECULAR ...

form,

i .
Rp(1) = ;_L@(t)tr{ﬂu(t)[/l,ﬁ(“)]—}- (A3)
The dipole operator fi now covers contributions due to the
higher excited state ¢,,s according to
iy =Y puD} +Hec. (A4)

m

We restricted ourselves to the transition between @, and @,
with the related transition dipole moment p,, and transition
operator D} = |@u ) (@me|. Since pump and probe frequency
are out of resonance the response function Ry, can be computed
inrestricting i to /i r. The time dependence of Ry, is caused by
the time-evolution superoperator (/(¢) which is the solution of
a quantum master equation. In contrast to the quantum master
equation (9) used beforehand, here, we can ignore any external
field contribution, but have to include in the unitary part the
additional Hamiltonian,

Hf = Z EnDID,,. (A5)
The dissipative superoperator, Eq. (10), is extended by
A rﬂ'l A PN
Dyp(t) =y S (LD;) Do A} = 2Dy (D). (A6)

m

It includes finite lifetimes 1/r,, of the higher excited state. In
a next step we define

&(t) = UMD, P,

and denote the probe-pulse response function as

(A7)

Ry(1) = 26(0) )_(utr{ D50} + Py irlDuo(1)). (A8)

Some algebra gives the initial value according to

w{D;;6(0)) = p},tr{p* (D, Doy — D D;})} = =P}, P

m

(A9)

We took into consideration that D} D, — D, D/ =
1@ f ) (@mr] = |@me)(@mel and that p* only contributes
to the steady-state population P®% of the first excited
state.

Since any coupling among the higher excited states and
among the higher excited and first excited states are absent it
simply follows

_ iQutx p(ss)
e P Pme .

tr{D}6(t)) = (A10)

We used Q,, = &E,/h+ir,/2. Note also that tr{D,,5(0)}
follows as the negative and conjugated complex version of
the expression given beforehand. According to the assumption
of a regular chain of molecules any site dependence vanishes
and we arrive at

Ry(0) = =20@IpI¥ —c.c)PS). (ALD

with the total excitation Pti,i” , Eq. (32). Obviously, the total
probe pulse signal S, is proportional to Plﬁfl”.

PHYSICAL REVIEW B 94, 195413 (2016)

APPENDIX B: THE EMISSION SPECTRUM

Photoemission from excited molecular states has been
discussed by us beforehand at several places (note our earlier
work in [26,29]). The emission spectrum is defined as the
number of photons with frequency w emitted per time,

\% 2
Flw:t) = (2;‘:)3 3 f do Ry(w:1).
A

The expression incorporates the rate R;(w;t) = Ryk(t) de-
termining the number of photons emitted per time into the
state with polarization A and wave vector k (w = c|k|; V is
the quantization volume and the solid angle integration has
been abbreviated by [ do). For further use we introduce the
line-shape function Iy, according to F(w;t) = 403 / 3rc3h x
Iemi(w; t). A second-order computation of Iy, with respect
to the molecule-photon coupling, a concentration on resonant
contributions, and a separation of the two time-dependency
results in [26,29],

B

Iemi(w; t) = Re ded:/ dt e " t{ B U(T)B, p(1))}.
m,n 0

(B2)

Here, U(t) is the time-evolution superoperator which gen-
erates the initially introduced density operator equation (9),
but is independent of the exciting laser pulse. Thus, we do
not consider any interference effect between optical excitation
accounted for when computing the density operator f(¢) and
photon emission spectrum generated by U(7).

Next, we focus on the steady-state version 569 of the
density operator, which is reached at a time after the laser
pulse action is over and after the system has been relaxed. To
compute the respective emission spectrum we introduce

Bn(tin) = tr{B}6,(0)} = (B ) o) (B3)
with
64(t) = U(T)B, p™. (B4)

The index o (n) at the bracket indicates the averaging with &,
instead of p. The initial value of §,, can be written as

Bn(0;n) = (B} B,) = tr{p*V B} B,}
= 8 P 4 (1 = 8, )WS = PSY /Npyr. (B5)

mn

The off-diagonal quantities W vanish and the whole ex-
pression becomes proportional to the total degree of excitation
P Eq. (32). This indicates immediately Iom ~ P,

Next, we note that B, is identical to B, except the density
operator used for averaging and the initial values. Considering
the equation of motion for B,

J - i
Eﬂm(r;n) = _}__l<[HeXCaB$]—)U(n) - (DB;;)U(n)’
(B6)

one can establish the same system of subsequent equations
as in the case where one starts with 8,,. Since we consider
a time region where optical excitation is over (and where a
steady state in the molecular system has been established) the
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Hamiltonian is reduced to the time-independent part Hey.. We
further introduce the functions,

pm = (BJBmLT(n)a (B7)
and
Wmn = (1 - 8111,n)<B;Bn>o(n)’ (BS)

which together with B,, obey the same equations of motion
as By, Py, and W, except that optical excitation is absent
(r,, = 0). Therefore, we arrive at

0 e 5 . . _—
— B = i@nBu+i Y jin(1 —2P)B,  (BY)
ot p
0 - _ o
Epm = —kyu Pp + 2Im Xn: Jmn Wan, (B10)
and
0 - R .. = -
_‘/an = lwmnWmn - l]nm(Pm - Pn)
ot
+i ) Jim(1 = 2P) Wi
k#n
—i Y (1= 2P) Wy (BI1)
k#m

To avoid the presence of fast oscillations we change to
by (t;n) = exp(—iwot) X Bu(t;n). The related equations of
motion take the form,

ad

atl;m = i(d)m - a)O)Em +i ;]nm(l - 2pm)5ns (Blz)
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and the (time-independent) emission lineshape follows as

oo
Lemi() = |dmoi|'Re / dv ey Thy(vin). (B13)
0

Note the consideration of identical molecules which results
in the replacement of [d,,d] by |dmot|*. Finally we quote all
types of initial values,

P,y (0sn) = w{p™ B} B, B,} = (1 = 8, ,)tr{p™ B, B, B}
A (1 = ) PSSV B, (B14)

m

and

Wum (05 1) = (1 = 8,0 )tr{p"V B} B,y B, }

m

~ (1= 81 = 8, )W, BE9% - (B15)

They are all proportional to B*. Since this quantity equals
zero, P, and W,,, also equal zero at finite time. As a
consequence, the emission lineshape becomes independent
on the excitation strength because Eq. (B9) always has to be
solved with P,, =0

Such a result indicates that the completely relaxed steady
state is unable to display the excitation-dependent shrinkage
of the exciton spectrum. When considering photon emission it

is determined by f,, with the initial value proportional to P*9.

In contrast, the formation of Pt(osts) includes coherent excitation
of the pump pulse which guarantees spectrum shrinkage.
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