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A generating function algorithm that allows the calculation of the optical response of coupled
exciton-phonon systems is developed. For a model of assemblies of three-level molecules coupled
via dipole interaction and interacting linearly with nuclear degrees of freedom, we derive a closed
set of equations of motion for five generating functions representing the exact response to third
order in the external field. These are equivalent to an infinite hierarchy of equations of motion for
phonon-assisted variables. Starting with the equations for the generating functions, several reduction
schemes are derived. By eliminating the phonon degrees of freedom in favor of self-energies, the
Haken-Strobl model of relaxation is recovered as a limiting case. A set of time-local equations is
presented extending the Haken-Strobl treatment by keeping the temperature dependence as well as
the excitonic signatures of the phonon self-energies. Finally, we derive equations that interpolate
between the coherent and incoherent limits of exciton propagation and properly include the two
exciton dynamics.
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I. INTRODUCTION

Optical properties of molecular aggregates have been the focus of in-
tensive recent experimental[1-4] as well as theoretical[5, 6] investigations,
because of their importance for many technological applications (e.g. J-
aggregates) [7-10] and for biological systems (photosynthetic antenna com-
plexes and the reaction center) [11-14]. A further stimulation for theoret-
ical studies comes from the fact that the nonlinear optical response of
these systems is known to exhibit characteristic signatures of electronic
correlation effects[15-19]. The calculation of this response therefore pro-
vides a nontrivial testing ground for theories which go beyond the mean
field description, known as local field approximation (LFA). In the ideal-
ized limiting case, where interactions of the electronic system with a bath
(phonons or impurities) can be neglected, these correlations show up in the
nonlinear optical response functions only via the two exciton scattering ma-
trix [19, 20]. The coupling to a phonon bath adds new degrees of freedom
which in turn can affect the excitonic dynamics in a variety of ways. The
most obvious effect of the exciton phonon coupling is that it contributes
to the dephasing of excitonic variables and thus introduces characteristic
relaxation timescales in the electronic subsystem. For many experimental
situations this is the dominant influence of the exciton phonon coupling
and simplified descriptions are appropriate; The well known Haken-Strobl
model [24] is an examples for such a simplified scheme. It describes co-
herent and incoherent exciton dynamics in a unified framework. Its main
deficiency is that it is an infinite temperature approximation and does not
contain the proper detailed balance relation, that is essential for the de-
scription of incoherent motion, as is the case when using the Forster rate
equations [21-23]. Some aspects of the coupling to phonons can however
only be understood when also the phonon system is treated explicitly. Ex-
amples are memory effects like the Urbach tail [25-27] or phonon-assisted
beat phenomena which have recently been observed in structured semi-
conductor samples [27, 28]. Another interesting aspect of exciton-phonon



coupling is that it can lead to new resonances known as dephasing-induced
resonances[29-31].

The purpose of the present article is to analyze the influence of phonons
on optically generated electronic correlations in molecular aggregates. In
section II we specify our model Hamiltonian and relate the optical po-
larization to the relevant dynamical variables. In section III we derive a
closed set of equations of motion for five generating functions representing
phonon-assisted variables. As they stand, these equations are still exact
up to third order in the optical field and thus provide a compact rigorous
starting point for further analysis. A direct numerical solution of these
equations will however in general only be feasible for very simple exciton
phonon coupling schemes. In sections IV and V we therefore use the gener-
ating function approach as a unified starting point to derive several levels
of reduced descriptions relevant for various limiting cases.

II. THE MULTILEVEL-FRENKEL-EXCITON MODEL

Molecular aggregates are adequately described by the Frenkel-exciton
model in Heitler-London approximation[19]. Many applications consider
only a few excited states on each molecule. Often a model with only one
excited state per molecule gives realistic results [17-19]. Here, we treat
explicitly the case with two excited states per site. This is usually sufficient
for the description of pump-probe spectra; a generalization to an arbitrary
number of site excitations is formally straightforward [32, 39]. A convenient
formulation of this molecular three level model is provided by the deformed
Boson representation [39, 40]. The material part of the Hamiltonian reads
(cf. Fig.1):

Hyat =1 Y By B+ > Jum BiBu + > S(BI? (B, (1)
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Q,, is the fundamental electronic transition frequency of isolated molecules.
The energy of the second level is given by

hQ2 = 20Q, + A, (2)
with the anharmonicity parameter

An:Iiign/Q—F(lii—Z)hQn, (3)

and kK, = ,ugl) / NSO) is the ratio between the dipole moments for the
transitions |1) — |2) (,ugl)) and [0) — [1) (u%lo) = pn). We assume that
both transition dipoles of each molecule are oriented along the direction of
the unit vector fi,. Jpm accounts for the dipole-dipole interaction as well
as for short-range exchange exciton couplings. B} (B,) are operators for
the creation (annihilation) of excitations on site n. For a three-level model

they obey the following commutation rules
[Bm Bm] = [B;f“ Bjn] =0, (4)
[Bus BL] = Snm{l = 4B} Ba + 4, (BL)?(Ba)*} ()
with ¢, = 2 — k2 and ¢/, = (k2 — k* —1)/k2. Note that when A,, =0 and
Kn = V/2 this results in a harmonic level scheme. For k,, = 0 the third level
is decoupled and we recover the usual (two-level) Frenkel-exciton model.
The nuclear degrees of freedom enter via the corresponding phonon

modes. This leads to two additional contributions to our model Hamil-
tonian [25, 41, 42]. The first represents the noninteracting phonon system:

Hypp = hwblba, (6)
A
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FIG. 1: (A) Basic parameters (energies and transition dipole moments) of a
three level molecule, (B) anharmonic oscillator parameters representing the same
system

while the second accounts for the exciton-phonon coupling:

Hep =Y 4pn Bl B (b +02). (7)

nmA\

The operators b; (bx) in (6) and (7) are boson operators describing the
creation (annihilation) of a phonon with frequency wy in mode A. They
obey the commutation relations

[bx, ] = dan - (8)

In (7) we kept only terms linear in the phonon amplitudes. Our present
formulation of the phonon coupling is equivalent to equation (2.1) in 32
when we make the identification: ~;,, = —m w3 (ﬁ)l/2 dx nm, where
my is the mass of oscillator A and dj ,, is the corresponding displacement
induced by molecular populations (n = m) and intermolecular coherences
(n # m) respectively. Similar parameterizations of the interaction with
phonons have been widely used[33-38§].

Finally, the interaction with the optical field is given in dipole approxi-
mation by

Hopt S5 _Z,U'n En (Bn+BJL)a (9)

where F,, is the component of the optical field in the direction f,, of the
molecular dipole at site n.
The total Hamiltonian is

H = Hypat + Hyp + Hep + Hopy . (10)

Optical properties are derived from the optical polarization, which is
given by[39, 40]

P(t) =" jin (Bn)(t) + c.c.. (11)
n
III. GENERATING FUNCTIONS AND THEIR EQUATIONS OF
MOTION

In this section we will derive closed equations of motion necessary for
calculating the optical polarization up to third order in the optical field. We



first note, that due to the Heitler-London approximation the expectation
value of a product of p operators B} and g operators B,, and an arbitrary
number of phonon operators bl ,by is at least of order p + ¢ in the external
field, provided the product is in normal order (i.e. all operators B stand
to the left of the operators B). Physically this is clear, because the only
part of our Hamiltonian that does not conserve the number of excitations
in the system is the dipole coupling to the optical field[18, 19]. A more
formal derivation of this statement can be made along the lines presented
in 43 for the case of direct gap semiconductors.

We now consider the following five operators:

Apap = BnFos,

Brmap = BnBmFags,
Crimap = Bl BmFap
Dinmap = B BuBmFug ,

op = F({on}, {B:}) = (Hexp(mbi)) (HGXPWA)) » (16)
A A

where the sets {ax} and {#x} represent arbitrary real parameters. The
shorthand notation «a, 8 in the arguments of these functions denotes the
respective sets of parameters. The expectation values of these operators
are generating functions for phonon-assisted dynamic variables; e.g. in the

case of Apap = (Anag) this means that

o o'
Do, Oar, Opn, =+ Opy,

Anapla=p=0 = (Bab}, -0} ba, ---ba,) . (17)

Of particular interest is the case k = [ = 0 yielding (Bn) = Anagla=s=0,
because according to (11) (B,,) is directly related to the polarization. This
means that once we calculate the generating function A the polarization
can be obtained from its values at « = 3 = 0.

Furthermore, we note that the leading order in the optical field of these
functions can be read off from the number of B and B operators involved,
e.g. Anag = O(E).

Using the Hamiltonian introduced in the last section we can readily set up
the Heisenberg equations of motion for the operators in (12)-(16). Neglect-
ing terms which according to the above considerations do not contribute to
the third order polarization, we obtain the following closed set of equations

. s 9;
01 Ajap = {Jin + A5} (Anap — 4 Djjnas) + éﬁ? Djjjap

+ Y Yom (Bx = @) Dumjap — 1 By (Fap — 4;Cjjag) + 1o Ajag,  (18)

nmA

iﬁatBijaﬁ = fZJ{Z(jJn + Agn) Binag + Z(jm + [\fn) B"jaﬁ}

6ii R (Jjn + A% Bjnap — 1j E; Aj Aj + 2h8);) By
+w{"$j[Z( jn + Ajn)Binag — i Ej Ajap] + (85 + ) Bjjap}

n

~&ij{ni Ej Aiap + 1 Bi Ajas} + ho Bijas + O(EY), (19)

0 Cijop = Y {Jjn + A5} Cinag — > _{Jni + A} Crjap

+ui By Ajop — 1 B Arﬁa + ho Cijag + O(E4) , (20)



ihOiDyijap = &ii{D_(Jin + A5,) Drinap + > _(Jin + AY,) Dinjas}
- Z(jnk + A2,) Duijas + i Ex Bijog — &1t Ej Chiag + 11i Ei Crjas}

+0i {31 (Jin + Al) Dinjas — 185 B Crjop) + (Aj + 218%) Djjap}

n

+hw Dkijaﬁ + O(ES) , (21)
ihatFaﬁ - Z 77>1\m (6)\ - O‘)x) Cnmaﬁ + ho Faﬁ B (22)
nmaA
with
Jjim = 6im Y+ Jjm &y =1—108;, (23)
w= Zw,\ (Br 08y — ax Oay ) (24)
A

A?m :Z’Y;\m (O‘>\+80¢>\ +8ﬁ>\) ’ A?m :Z’Y;\m (6>\+8@4>\ +8ﬁ>\)
A A
(25)

Throughout this article we write time arguments only to avoid misinter-
pretations. All functions without explicit time arguments are understood
to be taken at time t.

A calculation of the third order polarization based on these equations
consists of the following steps. First one has to calculate the generating
function Fi,g for phonon correlations in thermal equilibrium. Here is the
point where the temperature enters the equations. F' is the only of the
five functions that has non zero temperature-dependent values before the
optical excitation. The linear response can be derived from the linearized
equation for A, while the other functions are needed in order to calcu-
late nonlinear optical signals. This procedure is illustrated in appendix A,
where we explicitly treat a simple solvable case[44].

Although the above equations provide a compact way to formulate the
dynamics rigorously up to third order in the exciting field, they obviously
still represent a complicated many-body problem. A direct numerical
scheme based on these equations is therefore only reasonable in limiting
cases with either simplified electron phonon couplings (see appendix A) or
when only a very limited set of phonons is dominantly coupled; e.g. when
the system contains a few high frequency Raman active modes or when
the effect of the phonon bath can be represented using a few collective
oscillators. A theory on the same level of sophistication of equations (18)-
(22) that puts particular emphasis on the latter aspect has recently been
worked out in [32]. In all other cases a less demanding reduced description
is needed.

IV. REDUCED DYNAMICS EXPANDED PERTURBATIVELY
IN EXCITON-PHONON COUPLING

A. Truncating the hierarchy of phonon-assisted variables

One way to derive systematically a reduced computational scheme is to
expand the equations (18)-(22) in a Tayler series around oy = [y = 0.
The result is an infinite hierarchy of equations of motion for the set of
all derivatives of the functions A — F' with respect to ay and () taken at
the point ay = By = 0. From the generating function property of A — F



it is clear that these derivatives are nothing but the set of all phonon-
assisted variables (By), (Bpby) , (Bnbb ---. The scheme most often used
to close this hierarchy is to keep only those variables with zero or one
phonon assistance [43, 45, 46]; doubly assisted variables like <Bnb1b>\/> are

then factorized according to the recipe <Bnb;b,\) ~ (Bp)ny 0y, where
ny = 1/(exp(hwy/kT) — 1) is the equilibrium phonon occupation. This
factorization leads to a closed set of equations, because there are only four
purely excitonic variables that contribute to the third order nonlinear re-
sponse, namely (B,,) , (B,,B,) , (B} B,) and <BlTBmBn). Thus, one would
have to solve for these four excitonic variables and for the corresponding
phonon (single) assisted variables. As these equations are still numerically
quite demanding, there is a need for further reduction. Our goal is to
eliminate the phonon-assisted variables in order to obtain a closed set of
equations involving only the excitonic variables. To this end we next an-
alyze a typical equation for a phonon-assisted variable emerging from the
above scheme. We have chosen (B;b') to be our example. The correspond-
ing equation of motion reads:

ihdy (B;b) ZJM Bybl) — hwy (B;bl) + ny, ZWB,Z)

—ZvntTB Bj) —n,\Zq]BBB —qJZJJnBBBbT>

nm

+Aj<BijijA> + qujqj<Bijb§>. (26)

Inversion of (26) leads to two types of terms: (i) Terms leading to con-
tributions of self-energy-type (these are given by the first three terms of
(26) ); (i) Additional source terms arising from the combined action of the
phonon coupling and the electric field due to deviations from Bose statistics
of the excitations generated by B,,. These additional terms are referred to
in the literature as cross terms and are usually neglected[46].

When we keep only the former contributions, we obtain

(B;bl) (1) = ny / ZG t) el =% (B dt'.  (27)

The one-exciton Green function G%: (t) is given by:

G%;/ (t) = @ exp(—ijE

- . )ig’ (28)

The same procedure can be applied to all relevant phonon-assisted vari-
ables. When the results are then inserted into the equations of motion for
the corresponding excitonic variables, one finally obtains closed equations

of motion for the excitonic degrees of freedom, where the phonons enter
only via self-energies. This strategy results in the following set of equations:

ihoy(B ZJM n) — 1 E5(1 — q;(BIB;)) + A;(BI B, B))

—qJZJJn (BIB;B,) / ZhQB (t— ")) (B (t) dt', (29)

ih0i(BiB;) = &{> _(Jjn(BiBu) + Jin(BuBy;)) — i Bi(B;) — 1y B;(Bi)}

+0i{r50)  Jin(B;Bn) — 1 E;(B;)) + (A + 20%,)(B; B;)}



t -/
+ / > hQpp(t— )] (ByBy)(t) dt, (30)

ihdy(B]B;) = > (Jjn(BIBn) — Ju(Bl B))) + wiEi(Bj) — p; Ej(B)*

n

t v
4 / S hQprp(t — )T (BB ()t (31)

ihdy(B{B:B;) = uxEx(BiB;) = Y Jur(BlBiB;)
+6; 1) (Jin(BLB.B;) + J;jn (B} B;B,)) — i Ei(B] Bj) — 1u; E;(B] Bi)}
ij in\DPpLnbj Jn\PpLibn i Lo\ 5y 155 Mg Lo\ Dy g

+05{r3( Z Jin(BEBuB;) — 1 Bj(BLB;)) + (A, + 209;)(B] B; B;)}

/ S” Wit — )8 1T (Bl By By (2 dt, (32)
Ook’z’j’

where the phonon induced self-energies are given by:

1m0 (1)) =3 Ty (£) G4 (1), (33)

hQps(t )i’i/ —
51] + 51] J {Z jnmgj’ gl mGB ( )+an7m ( )gmj GBz n( ))

5y Z Tjniryr () GBE 0 (1)}

%J{Z im (8) m G537 (8) + Vi () iy G117 (1)

K3 Z PZM’J’ (1)3:;? (t)} ) (34)
hQBTB Z{Plnmz %?; ( ) F:,ymz ( )G%;n}]z( )
ATy (£) GEL 0 (8) = Ty (1) GEL T (D} (35)

" pp(t)F 2; =

&J{Z inmit (8) Eirm GHE 21 () + Tinmir (8) Emgr GHE 19 (2))

K3, Z Dinirjr (8) GHE 05 (1) Z T s (1) GHIET (1)}
+(&ij + 61517 {Z jumir () Eirm G%Z’;n (£) + Tjnmir () Emyr GHE 17 (1))
»ZFW )GHE () Zrmm,« )G (1)}

—Zrnw ) &my GE 17 (2) Zrnkm ) &rmGHE LT (1)

—K ankw' )GHETE(t) + Zrznmk/ (t) GHmia(t), (36)



with :

Coini (1) = Vomn Vo3 (1) (37)
A

g)\n (t) _ (nAn + 1) efiu»\nt + N, eiwxnt. (38)

The Green functions entering the self-energies correspond to the respective
phonon-free problems. The one exciton Green function G 4 has been defined
in (28). It has been shown previously [19, 39, 40] that the two exciton Green
function G'g can be constructed from G 4 by explicit calculation of the two
exciton scattering matrix. The two remaining Green functions are given
by

,L-/ -/ h ’L'l * -/
GelT () = 265 (1" 6% (1), (39)
/,L-/ -/ h ’ * ’L'l -/
Gl 1T () = 265K 07 6% (1) (40)

Thus, all quantities needed to calculate the phonon self-energies from (33)-
(36) are explicitly known.

The procedure described above to deal with the coupling of nuclear de-
grees of freedom has lead to many succesful applications in the theory
of semiconductor optics [43, 45, 46, 48-50]. Furthermore, it has been
recognized [46, 51] that the results are identical to those obtained from
diagrammatic Green function approaches. In contrast to our approach,
Green funktion methods keep track of multitime expectation values such
as (B] (t)B;(t')) e.g. by solving the Bethe Salpeter equation [6]. Among the
problems that can be addressed on this level of sophistication are the micro-
scopic modeling of pure dephasing [43, 45, 46], memory effects like the Ur-
bach tail absorbtion[26, 27, 52], collisional broadening and retardation[46]
as well as beats with the phonon-assisted variables[27, 51]. Several au-
thors however, have pointed out [27, 46, 53] that the truncation scheme
that factorizes double assisted variables might under certain circumstances
lead to unphysical predictions when the resulting memory kernel is fully
kept. This deficiency can be overcome when the hierarchy of equations for
phonon-assisted variables is closed on the next higher level[46]. The main
effect of this extended scheme is that the equations of motion for variables
with a single phonon assistance are supplemented by a self-energy result-
ing from the coupling to higher levels of the hierarchy. Also the coupling
to additional bath degrees of freedom is expected to have a similar effect.
In many cases a simple yet reasonable modeling is obtained by allowing
the phonon frequencies wy to be complex valued [27, 46, 51]. Another
suggestion [53] to remedy this shortcoming amounts to the introduction
of quasiparticle corrections depending on the phonon density based on an
analysis of the exactly solvable Jaynes Cummings model.

Most of the worked out examples have treated electronic correlations re-
sulting from exciton exciton interactions only on a mean field level. How-
ever, the question how the combined action of excitonic interactions and
bath couplings affects the observed signals is of great importance. A partic-
ular interesting aspect is that the gradual loss of coherence brought about
by the phonon coupling not only leads to dephasing of excitonic transitions;
at the same time it builds up new dynamic variables. To illustrate the latter
point consider the variable (BlT Bj) repesenting exciton coherences (i # j)

and populations (i = j). It can be shown that (B]B;) factorizes in the
phonon-free case as

(BIBj) — (Bi)"(B;) + O(E"). (41)



For Boson fields, like the electromagnetic field, it is customary to take
factorization properties like (41), where intensities are factorized into tran-
sition amplitudes, as a definition of the coherence of these fields. Excitons
behave like Bosons only in the low density regime. Therefore even with-
out phonons the factorization (41) does no longer hold when higher order
optical excitations are considered. The corrections to (41) brought in by
the phonons already in order O(E?) are not related to the non bosonic
nature of excitons; rather they account for the gradual loss of coherence of
the excitonic system after optical excitation due to the exchange of energy
and momentum with the phonon bath. Analogous considerations apply to
<B};BiBj>, which in the phonon-free case factorizes like

(BiBiBj) — (Bi)*(BiB;) + O(E”). (42)

Thus (BJf Bj) and (BTB B;) become dynamic variables in their own right
only due to the dephasing action of the phonons.
On the other hand, calculations that include variables like (B;f Bj) and

<B};BiBj> can easily become time demanding. Keeping the treatment of
phonons simple is therefore a must in these cases. Memory effects of the
phonon system are not essential for studies of the questions as to how the
interrelations between the various excitonic variables are affected by the
coupling to nuclear degrees of freedom. Thus, it is worthwhile to work out
in detail a time local version of the equations in order to provide a suitable
starting point for numerical investigations. Such a treatment neglecting
memory effects is in the literature often referred to as Markovian theory
[45, 48, 54, 55]. It should be pointed out, that this name does not imply,
that the dynamics represents a Markov process in the sence of the the-
ory of stochastic processes[56]. We will present the relevant equations in
subsection IV C after we have shown in the next subsection how the well
known Haken-Strobl model for relaxation is recovered as a limiting case of
our equations.

B. The Haken-Strobl limit

The Haken-Strobl model of exciton-dephasing [19, 24] marks the extreme
case of a relaxation theory without bath induced memory effects. In order
to derive it from our expressions for the phonon self-energies (equations
(33)-(36)) we assume that each molecule has its own phonon bath coupled
locally only to the corresponding site. The exciton-phonon coupling then
assumes the form:

Yoy =M 6ij 0, (43)

where )\; labels the phonon modes coupled to site [. In this case the self-
energies simplify to:

WQp(t)] = 8,5 T(t) GO (t) =: 6, W (1), , (44)
Wpe(t)i1 = G%IT (1) x

x{(&ij + 6ij ]) [€irjr (85 + 8550) + K7 Brr 550 ]T5(t)
+&ij [irgr (Biar + 0ijr) + K2 Sirjr 63T (1)} (45)

Qi p(t): Gocij (t) x
AL (t) 8ir = T3 (t) 850 + T'5(¢) 6550 — Ti(t) 0ijr } (46)
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Mpipp®E 11 = GHETT (1) x
x{&;[Ti(t) (Eorjr (i + 8ijr)) + ks Sirjr Siir) — T (t) S|
+(&ij + 0 kT (t) (Sirjr (600 + 0550) + Kis irgr 6550) — T (t) 6]
—T5(t) [6irj7 Onir + Okjr) + K3 G Oar] + Th(E) g } (47)

with :
L) =Y 7M1 ga, (1) (48)
Aj

From these equations, the Haken-Strobl model is easily recovered in the
limit of a short bath relaxation time, where I';(t) approaches the form
[;(t) — ['6(t). The Greens functions entering (44)-(47) then have to be
invoked at time ¢ = 0%, where by definition they become d-functions, e.g.
GO ;., (t=0%) = %6”»/. Physically this means that the phonon bath is so
fast that the excitonic excitations have no time to impose their spatial and
temporal structure on the relaxation kernel. The self-energies (44)-(47)
therefore assume the form:

" T

W (t); = 855 = 0(t) (49)
A\

() = = 0(t) b 0j50 {2655 + ik} (50)
A\

37

, T
Mgippt)y il = Eé(t) Ok Oigr 050 X

J
x{&ij (3 =20k — 20k;) + 055 (1 + R? — 20, n?)} ) (52)

Equations (49)-(52) have previously been derived [19] for the case k; = 0,
i.e. the case of Frenkel excitons with only one excitation per site (two-
level molecules). Finally we note, that it immediatly follows from the
definition (48) of T';(t) that the limit T';(t) — I'§(¢) corresponds to a broad
distribution of phonon frequencies and high temperatures. In addition it
has to be assumed that the coupling strength to the bath is independent
of the site, thereby excluding the possibility that different sites might be
exposed to different environments. The limit I';(t) — I'd(¢) can also be
reached, when the phonon-assisted variables are strongly damped due to
the coupling either to higher order assited variables or to additional bath
degrees of freedom.

C. Finite Temperature theory with time-local bath influence

Although the Haken-Strobl model already allows the qualitative discus-
sion of many aspects related to exciton bath interactions, it obviously
represents an extreme limiting case. To address questions like the tem-
perature dependence of the bath interaction, a less restrictive scheme is
needed. Furthermore, we have seen that an ultrafast bath leads to J-like
spatial behavior, while in less extreme situations excitonic structures can
be imposed on the relaxation kernel thereby opening otherwise forbidden
relaxation channels. In this subsection we derive an approximation scheme
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that keeps the temperature dependence as well as the excitonic structure
of the relaxation kernel, while still providing equations where the coupling
to the phonons is local in time.

We will take equations (29)-(32) as our starting point. Our goal is to
calculate the third order optical response. To be specific we consider the
three electric fields generating this response to be of the form

E@(t) = B(¢) Eaye ' +ee , a=1,2,3 (53)

i.e. we assume that the fields are polarized in directions €(,) and have
well defined central frequencies w,, which implies that the pulse envelopes
E()(t) should be slowly variing on the timescale defined by the optical
frequencies. We also neglect the spatial dependence of the fields, which is
justified when their wavelengths are long compared to the extend of the
sample. In this limit the dependence on the wavevectors Ea is only needed
for bookkeeping purposes in order to determine in which phase matching
direction a certain component is emitted. As this dependence is trivial we
suppresed it in our notation.

The third order optical response predicted by equations (29)-(32) can
be constructed using an iterative procedure: first solving for the linear
response, than inserting the result of the first step to derive the sources
for second order contributions and finally using the first and second or-
der results to determine the third order response. For example, the rele-
vant equation which determines the linear response generated by the pulse
E()(t) e=™at according to (29) reads in frequency space

heo(B;)) ZJM (Bn)(@(w) = i B (w = wa)

+ Z Qg (w)] (Bj) @ (w). (54)

For the Fourier transformation connecting time domain functions to their
frequency domain representations we use the convention

0= [ e ) . (55)

— 00

The source term E()(w — w,) in equation (54) is under the conditions
stated above a function that has non zero values only in a finite frequency
j/

range centered at w,. If the self-energy hQ2p(w) 5 s slowly varying in this

frequency range it can be replaced by its value A2 B(wa)gl taken at w = wy.
Transforming back to the time domain we obtain an equation with a phonon

coupling local in time

ihoy (B “) = Z Jjn n) (“) - qu_’(“) g Wat

+ 3 inSm(Qp) (wa)) (By)(@. (56)
j/

As is common we keep only the imaginary part of the self-energy, because
the energy shifts brought forth by the real part can be acounted for by using
renormalized values of the material parameters. Obviously, the conditions
under which (56) has been derived are less restrictive than the conditions
required by the Haken-Strobl model. The case that the phonons are cou-
pled as a sufficiently broad distribution in frequency is not the only case

where h{) B(wa)gl can be a slowly variing function in the frequency range
covered by the laser pulse. To give an example one can think of a single
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LO phonon with frequency wro in a semiconductor. In this case the line-
shape of Qg (w, )’

J
spectrum shifted by twro [43]. The self-energy h$2 B(wa);/ will be a flat
function in the relevant frequency range when the semiconductor is reso-
nantly excited at the exciton frequency as long as the laser bandwidth is
smaller than the phonon frequency, which is a typical situation[43].

To second order in the laser field, two functions have to be calculated:
(i) the two exciton transition density (B;B;) and (ii) the function (B! B;)
describing excitonic coherences and occupation densities. Inserting the
results of the calculation of the linear response into equations (30) and (31)
it can be seen that the total sources leading to second order contributions
can be split into components with well defined central frequencies. For each
frequency component, the same procedure outlined above can be applied.
In this way we obtain for the component (B;B;)(®? of the two exciton
transition density with central frequency w, + wp generated by the pulses
a and b the following equation

is a linear superposition of the phonon-free absorption

ihd,(B; B;)( &J{Z (BiB,) Y + Jin (B, B;) (")

—E@em ! (11 (B;)® + p1;(B;)P)] — E® e [1;(B;) + pu; (B;) @]}
+0i {530 Tin(B;iBp) @) — i [B@Wemet(B;) ) 4 EC)emiwnt(B;)(@)])

+(A; + 2h0Q,)(B; B;) (@)}
+ 3 inSm(Qpp) (wa + ws)! I (B By) @) (57)

il §!

while the component <BJ B;)(=%" with central frequency wy — w, resulting
from pulses a and b has to be calculated from

ihO(B! B;) " =y (I (B Ba) Y — Jui( Bl By) ")
_|_u,(E(a)* iwat<B4>(b)n+ E(b)e—iwbt<B >( a)) (E(b)e_“’bt<Bl>(“)*
+E@xgiwat(B)(=0)%) 4 Z hSm(Qpr ) (wp — wa)i (Bl By) o)
J (58)
When the laser frequencies are tuned in resonance with the excitonic tran-

sition, it is posible to neglect the source terms proportional to (Bj)(fa)
and (B;)(=%* in (58), because in this case they are small compared to the
contributions proportional to (B;)(®* or (B;)®. This is known as the
rotating wave approximation (RWA).

Proceeding along the same lines, we find the following equations for the
third order variables

zh8t<B BB>( abc)_ukE(a)* iwat <BB (bc ZJ/C B BB>( a,b,c)
+5U{Z (BIB,B;)=*") 1 . (BI BiB,)~ a>b7c>)

—,UiE(b) e*Mbt<Bl’iBj>( a,c) _ ,UiE(C) e*iwct<Bl’iBj>(*a-,b)
_qu(b) efiwbt<Bl1;Bi>(fa,c) _ MjE(C) efiwct<B;LBi>(fa,b)}
+0i {3 Jin(BLBnB;) =) — i, EO) e=irt( Bl Bj) (=€)

B T (BB ON) 1 (A + 200 ) (B B; B;) b))



+ 37 ihSm(Qpi pp)(we + wy — wa)l T (B, By By -0 (59)
k/i/j/

ihdy(B;)(~4be) = Z Tin(By)(—2:0:)

+py qi{ BO e U (BIB;)" 49 4 B e el (B] B;) 0}
+A;(BIB; Bj) ") — ;Y " Jjn(B] B;By) )

’

+ 3 Sm(Op) (e +wy — wa)] (By) 40, (60)
j/

where we have written in (59) and (60) only the resonant contributions
according to the RWA.

When (B;)(~%%¢) has been calculated for a given combination of the
pulses a,b, ¢ it can be inserted into (11) resulting in a contribution to the
third order polarization that is radiated in direction EC + Eb — Ea with cen-
tral frequency w. + wp — ws. Depending on the experimental setup, only a
subset of all possible contributions to the third order polarization is regis-
tered. This subset is selected by a choice of directions (wavevectors) and/or
a choice of a suitable frequency window to be detected. Equations (56)-(60)
can be used to follow the time evolution of all relevant dynamic variables.
The self-energies entering these equations are the Fourier transforms of
(33)-(36). However, for many applications the simpler form (44)-(47) is
appropriate. Finally the signal is obtained by summing over all contribu-
tions to the third order polarization with the desired wavevectors.

V. UNIFIED DESCRIPTION OF COHERENT AND
INCOHERENT EXCITON DYNAMICS

So far we did not make any distinction between coherent and incoher-
ent exciton dynamics. Therefore, the respective contributions are mixed in
our formulation. In many situations it is desirable to separate these con-
tributions, thus allowing for a greater flexibility in developing appropriate
approximations. The goal of this section is to derive equations that cor-
rectly reproduce both the limit of fully coherent dynamics (i.e. dynamics
without bath coupling) and the incoherent transport limit.

To identify coherent and incoherent contributions we recall that in the
coherent case only the transition densities (B;) and (B;B;) are indepen-
dent dynamical variables. The partial density-like quantities <BJ B;) and
<B};BZ—BJ-> factorize according to (41) and (42) respectively. We will first

concentrate on (BlT Bj). In order to isolate the incoherent part we consider
the function

Cijap = Cijap — Ajga Ajos - (61)
According to (20) and (18) C obeys the equation of motion
ih0iCijos = > {Tjn + A5} Cinap — O {Jni + A%} Cujos
+1w Cijap + Qcijas » (62)
where the source Q)& is given by
Qéijaﬁ = Z{Anaﬁ Ajn Afﬁa - Afzﬁa Am'Ajaﬁ}

i By (1= Fpa) — pj Ej (1= Fap), (63)
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with

Ajn = Z/yj\n(aa/\ + aﬁ/\) .
A

We find that, taken at the point a = 3 = 0, Cyja—p—0 = <BJBj)—<BZ->*<Bj>
represents the deviation of <BJ B;) from its coherent part. Of particular
interest are the diagonal elements N; = C}ja—s—0, because these are the
only components that directly couple to the transition (B;) which finally
determines the polarization. As the coherent contribution is split off, N;
represents the incoherent population on site j. In many cases it is therefore
appropriate to describe the propagation of this variable in configuration
space by a Forster type rate equation. When we again adopt the coupling
scheme (43) the relevant equation reads

Tu')th = Z(RgmNm - ijNj) + QN]‘ . (64)

m

Within our model, the rates R,,; are readily expressed through the param-
eters of the Hamiltonian as shown in appendix B. When phonon-assisted
variables are eliminated as disscussed before, the source @y, turns out to
be

t

Q) = =i,y = —il(BNO) [ (e = 0);(B(E)" dt

— 00

B [ rwle- ;B dr. (65)

— 00

where hif)p is given by (44).

Similar to (BZTBJ) we can decompose (B,iBl-BJ) into a coherent and an in-
coherent part, where the former is according to (42) given by (Bg)*(B;B;).
In order to calculate the transition (B;) only the components Z;; =

(BIB;B;) — (B;)*(B;B;) are needed. In appendix B we further show that

in analogy to the incoherent part of <BJ B;), a rate-like equation can be
derived for Z;;. But for most purposes it is sufficient to determine Z;; from
the factorization ansatz proposed in 17 on the basis of a maximum entropy
argument

Zij ~ Ny(B;) + {(B]B;) — (B;)"(B;)} (B;) . (66)

When the factorization (66) is used to approximate Z;; we see that besides
the incoherent population N; also the deviation <BZTBJ-> — (Bi)*(Bj), i #
j of the off-diagonal elements of (BlT Bj) from their coherent values are
needed. These off-diagonal elements can be eleminated using the same
perturbative procedure with respect to the dipole couplings that lead to
the rates R;; in (64) (cf. appendix B).

Collecting the results of this subsection on the incoherent propagation of
N; and using the factorization (66) for Z;;, these results can be combined
with the coherent time evolution of the transitions (B;) and (B;Bj) found
in subsection IV A. Thus, we finally arrive at the following set of dynamic
equations which describe the third order material response

ihdy(B;) = > Jin(Bn) — 1 Ei{1 — ¢;((B;)*(B;) + N;)}

—¢; Y {Jin((B;j)*(B;Bn) + Nj(Bn)) + i(Rjn Ny — Ry N;)(B;)}

+A;{(B;)"(B;Bj) + 2 N;(Bj)} + /t hQp(t —t');(B;) (') dt’, (67)

— 00
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ih01(BiB;) = &{>_(Jjn(BiBn) + Jin(BnB;)) — piBi(B;) — n; B;(Bi)}

+0i{s2(>_ Jin(B;jBn) — i E;(B;)) + (A; + 21Q)(B; B;)}

t
+ / S 0Qp(t - )9 (Bu By ) () dt, (68)

Z'/j/

hoNj =Y (RjmNm — RiniNj) = i{<Bj>(t)/ (hSxp(t — t');(B;)(t)" dt!

m — 00

B0 [ 0 - ;B0 dr. (69)

— 00

where the self-energies idp and hQdpp are given by (44) and (45). The
transfer-rates R,; in equation (67) are related to the transport rates R,;
in equation (69) by R,; = 2Re(R,;). Explicit formulas relating these rates
to the parameters of our model can be found in appendix B. After decom-
position into components corresponding to well defined central frequencies
as before, time local eqautions can be obtained by replacing the memory
kernels according to the scheme discussed in subsection IV C. The resulting
equations are listed in appendix C.

Clearly these equations correctly reproduce the coherent dynamics in the
limiting case of vanishing phonon interaction, because in this limit there are
no sources for N; or Z;;. Thus, these quantities stay zero in this case. On
the other hand, when the bath influence is strong, the transitions (B;) and
(B;B;) will be strongly damped and the dynamics will be dominated by
the incoherent transport described by IN;. Treating coherent and incoher-
ent dynamics together on a commen footing, equations (67)-(69) therefore
interpolate between these extreme limiting cases.

VI. DISCUSSION

Starting from rigorous equations of motion for five generating functions
in the joint phase-space of excitons and nuclei, we obtained reduced descrip-
tions of the coupled exciton phonon dynamics on various levels of sophis-
tication. A treatment keeping memory effects (see section IV A) is needed
for a description of phenomena such as beats of the phonon-assisted vari-
ables. Simpler time-local models can be used to investigate the influence
of the bath on the interplay between the excitonic variables. Such models
are a good compromise between the need to keep the numerical effort on
a resonable level and the desire to realistically model the relevant inter-
actions in the system. In the present paper we presented three time-local
models. The simplest of these is the Haken-Strobl model of relaxation. It
has been shown that this model naturally emerges as a limiting case of the
treatment introduced in section IV C. However,a treatment on the level of
section IV C is required when one intends to address questions like the tem-
perature dependence of pure dephasing. Finally, we have shown in section
V that seperating the incoherent and coherent parts of the dynamics leads
to a compact formulation of their combined dynamics. The distinction
between coherent and incoherent parts of the dynamics is in our formula-
tion intimately related to the distinction between the fast transition-like
varibles (B;) and (B;B;) and the slow population density N;. Thus iden-
tifying different variables with coherent or incoherent dynamics makes this
distinction particularly transparent. Equations (67)-(69) pinpoint the re-
spective roles of coherent and incoherent contributions in the extreme lim-
iting cases. In intermediate cases they allow for studies of the interplay
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between these contributions on a numerically feasable level. Unlike the
Haken-Strobl model, which also interpolates between these extremes in the
infinite temperature limit, our formulation in section V correctly obeys the
detailed balance relation.

Acknowledgments

This work has been kindly supported in part by the Deutsche Forschungs
Gemeinschaft DFG, the National Science Foundation and the US Air Force
office of scientific research.

Appendix A: Green functions for a simple exciton-phonon coupling
scheme

In this appendix we study a simple solvable model [44] for the phonon
coupling using equations (18)-(22) for the relevant generating functions.
The purpose of the following calculations is twofold: (i) we wish to provide
an illustration as to how the generating functions can be used to calculate
optical signals and (ii) the explicit solutions in this simple case give further
insight into the physical significance of the dynamic variables involved.

Our model is defined by the following choice for the exciton-phonon
coupling

Yoy =705 (A1)

As far as the phonon part is concerned, this problem is equivalent to the
independent Boson model discussed in 44. The model can also be thought
of as a limiting case of the standart coupling for periodic systems given by
[25, 41]

”Y{\j =yre g (A2)

where ¢, is the wavevector of the phonon labeled A. From the point of view
of equation (A2), the approximation (A1) is justified when the coupling 7
is strongly peaked around ¢, = 0, which is e.g. the case for LO phonons
coupled via the Frohlich mechanism. More precisely it is required that the
spatial extent of the relevant excitonic excitations is small compared to
the wavelengths of all dominantly coupled phonon modes. In such a case
the exchange of energy with the phonon bath is more important than the
exchange of momentum described by the factor e =% in (A2).

For simplicity we will only deal with the case x; = 0 in this appendix;
i.e. a system of coupled two level Frenkel excitons.

As explained in section III, we first have to calculate the 0-th order,i.e.
the value of the generating function for phonon correlations Fgﬁ in thermal
equilibrium (cf. (16)). This can be done along the lines described in [44],
finally yielding

Faoﬁ = eXP(Z N0 Bu) (A3)
"

where n,, = 1/(exp(hw, /kT) — 1) is the Bose distribution.
Next we calculate the linear response from equation (18). To this end
we construct the corresponding Green function defined as the solution of

hoGal S5 (1) = JinGad 3 (1)

’ ’

+ D {7 (B + Oay +05,) + T (Br0s, — a0y} Gal 25 (1)
A

+o(t) 82" o) 81 . (Ad)
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For the solution of (A4) we make an ansatz in the form of a phonon
wavepackage with time dependent wavevectors

13 9 t ; k ’ 1
Gy 0 =2 [ oo T (emon bt ek shost b ),
(A5)
where the shorthand notation £ has been used to represent the set of
wavevectors k = {kq,,, kg, } and the integration over & runs over all mem-
bers of the set each from —oo to co. Insertion into (A4) reveals that the
ansatz (A5) is the solution of (A4) provided the amplitude function g%, (t)

and the time dependent wavevectors aﬁ(t) and bﬁ(t) for t > 0 solve the
equations

. 1 - yH
9= 7 Jin Y f(aﬁ +0), (A6)
n p
dﬁ wy aﬁ , (A7)
. AR
bﬁ:f—zwubz, (A8)
with the initial conditions
gt =0") =6 ; af(t=0%)=ka, ; af(t=0%)=ks, . (A9)

Equations (A6)-(A8) clearly demonstrate that the parameters a,3 of the
generating functions are related to simple harmonic oscillator degrees of
freedom. After the elementary solution of these equations is inserted in
(A5), it is easy to perform the integrations over the wavevectors ko, kg,
leading to

i"a' B _ 0 _“’Ju
Gal 85 (1) = 6% ( epoﬁuh ~1]) x
5( iwpt / 7# [ iwpt 1])
X H 04#6 — CYH — h—% e — X
n
x [T o(ue " = 5, + 53— et —1), (A10)
P Wp

nZ oy .
(1) = exp(Y —i—{—— (et — 1) — 1}). (A11)

2
P hwu wu

According to (18), and with the help of the Green function (A10) we can
write the linear part of the generating function A as

Jﬂtﬁ / //ﬁ/ / /g/ (t - tl) u]/ E], (t/) Fglﬁ/ dtl (A12)

The o/, 3 integrations in (A12) run over the whole set {a, 5} each from
—00 to 0o. They are trivial due to the J-functions in the Green function.
The linear response is therefore given by

(B (1) = AW, (1) =

/ZG ) L~ 1) g Byt dt,  (A13)

70) = 7(8) exp( —mul (@ - D). (A1)

u "



18

Thus the time-evolution of the phonon-free system is altered only by a time-
dependent factor f9(t). This factor has previously been derived in 44. f°
contains the temperature-independent function f(¢) as a factor. f accounts
for the possibility of phonon emision at zero temperature. The function f°
can, depending on the distribution of phonons, result in a memory kernel
providing an effective mechanism for pure dephasing as well as exhibiting
phonon sidebands. Expanding f° with respect to the phonon coupling v*
leads to

n2 ) n2
L=l (e - DR =3 1 4 S

W 5 Iz s
(A15)
Exactly the same result is obtained when equation (29) is solved perturba-
tively up to O(y#?) for the case of the coupling scheme (A1), thus illustrat-
ing the fact that the decoupling scheme for the hierarchy of phonon-assisted
variables presented in section IV leads to equations that are correct up to

O(y*?) in the phonon coupling.
From (A13) together with (11) we find for the linear polarization

Pl (y Z 2Re (X (w) Ej(w)) , (A16)
where the linear susceptability x is given by
= s [ G0 ) dr (A17)

Using ansétze in analogy to (A5) we can also construct the Green func-
tions for the equations (19)-(22) of the other generating functions.

Y !’ ’ 2 M )
GBH%Z(U %1; 4H6a elnt _ #—%[e“"“t—l]) X
"
X H&(ﬁu —iw,t 6 + [ —dwpt 1])7 (A18)
o
i'j'a’ % FY# iw —iw
GCi; a g (t) G(()Jz; ) eXp(Z H{a“(e wt _ 1) + 6#(6 wt 1)}) %
0 w
x H5(O‘u€w"t —aj,) H5(5u6_iw“t -6, (A19)
K W

x exp(y h%{a#(ew — 1) +2B,(e7rt — 1)}) x
Pt
. H .
X 1;[5(a#e“"“t —a, - hL%[elw“t —1]) x
> H(S(BH —iwpt 6 + [ —iwpt 1])7 (A20)
m
fo(t) = exp(- (et =1 = (et 1) -3 (A21)
Dit) = exp Wy, € Wy c

-0 9 . .
e 1) = 2O T otape st — o) TLo(8,e 4~ ). (A22)
n

©w
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Thus, equations (A18)-(A22) and (A10) explicitly express the Green func-
tions of the equations of motion for the generating functions A — F' in terms
of the known Green functions for the corresponding phonon-free problems.
In principle, these Green functions can be used to invert the equations for
the generating functions and thus would provide explicit but rather lengthy
Green function expressions for the generating functions, from which the op-
tical response can then be derived setting o = 3 = 0.

Finally we will discuss one further example, namely the second order re-
sult for the excitonic population variable (BJf Bj). Using the Green function
(A19) and equation (20) we find

(BIB)O (1) = C2_,_y(1) Z/ GO (1 — 1)

< B0 B5)0) =y By OB ()}
-3 |Gty GO = B ()

><{6‘( " fO( //) 4 6‘( " — t/) fo*(t// _ tl)}dtldtll. (A23)

It is interesting to note that according to (A23) the propagation in config-
uration space of the excitonic populations and coherences represented by
<BZT B;) is totally unaffected by the interaction with the phonons once the
generation process is completed (i.e. once the driving field E has vanished).
Phonons affect this variable only via the modification of the sources (B).
This means that no matter on which timescale the excitonic transition
density (B) decays due to the pure dephasing provided by the phonons,
the variable <BJ B;) remains long-lived. The decay of (B;f Bj) is governed
by the homogeneous lifetime broadening (not included in our present de-
scription). The fact that the influence of the phonons on the configuration
space propagation of <BJ B;) is completele missing, is of course a conse-
quence of our oversimplified coupling scheme. However, it illustrates as
an extreme example the expectation that population-like variables are less
affected by pure dephasing processes than transition-like quantities. Fur-
thermore, we see from the explicit representations (A13) and (A23) that
in general (BZTBJ) * (BD(BJ) We therefore have to conlude that the
gradual loss of coherence due to the coupling to phonons manifests itself
in the deviation from the factorization properties of variables like <BJ B;)
even in our simple model, where there is only exchange of energy (without
exchange of momentum).

Appendix B: Derivation of transfer rates

In this appendix we compute the rates for the incoherent transfer of exci-
tations between different sites as predicted by our model. These quantities
are needed in equations (67) and (69) describing the combined influence of
coherent and incoherent exciton dynamics. To this end, we assume that
the system is at an initial time ¢y represented by the density matrix for a
state where site j is excited and the phonons are in thermal equilibrium

-1
pozB;|O><O|Bjexp{ﬁ§ (hw, b}, ba, + 77" BI Bi(bY, +bx,))}/ Z,
12

(B1)

_ —1
Z = Tu{BJI0){01B; exp{ 5 3 (b}, ba, + " BB, + b))
A
(52)
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From po we find that the function C};,g initially has the value

Aj
Cjjap = exp(Y_ ax Bany) exp(— Y fjw—x{%j + 051 - (B3)

Y A

The propagation of this excitation has to be determined from the homo-
geneous part of the equation of motion for C' (62). This can be done
perturbatively with respect to the dipole coupling J;;. The zeroth order
problem in J is solved by the Green function

i ol B Q(t s
Gl (t) = b0 Q-9 o
’YAj ,.YM
J it i qwx, t
: -1 i (giont g
X eXp(; Bx; Fn, (e7"% )+ ; a, o (e ) %
, N
<L ot =y iy (e = 1l = i) =
By
_ e _
" 11:[ OBy et = 61\1 i hulJ,\L (e7tom® - D[6 — du]) x
l

exp(& (Y FH (et = 1)+ Y f (e - 1), (B4)
i )

with
22
Aj 7 A Aj
fjjfhzij 5 3 =9t Wj:_zfjj‘%" (B5)
Aj

G% has been constructed using the same methods described in appendix
A. With the help of G% it is easy to solve for the lowest order terms in
the perturbation series with respect to J iterating (62). When the result
is evaluated at ¢ = j and o = @ = 0 one finds, neglecting memory effects,
that the propagation of the excitation population N; is given to second
order in the dipole coupling by the homogeneous part of (69), where the
rates R;, are given by

R, =2Re(Rin) , B6

J J

R]n _ J]thnJ /Ooei(ﬁj—ﬁn)Te_ Z)\j f]/\J [n/\j(l—eflw)\j T)_’_(n)\j_i_l)(l_elW,\jr)] y
0

o™ Dony FAn I (e T AT ), $1) (AT (B7)

Expanding the exponentials in (B7), it is straightforward to show explicitly
that the detailed balance condition R,,; = Rjm e~ (@m—2) %7 s satisfied.
Rjy, is also the transfer rate needed in equation (67).

Unlike the population N;, the correlation Z;; originates from off diagonal
elements of the density matrix. In order to determine how an excitation,
that initially gives a non zero value only to the the matrixelement Z;;,

propagates in time, we consider an initial state given by the density matrix

po = (a;B|0) + a;; Bl BI[0))((0|B;aj + (0| B, Bjaj;) x
1

xexp{=gm D _(hwr b by + " BIBIOY, +0a )}/ 2, (BS)
A

where a; and a;; are arbitrary constants characterizing the initial state
and Z is a normalization factor. Starting from this initial condition, we
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can proceed in the same way as we did in the case of IVj; i.e. first, one sets
up an equation of motion for the function Dkijag = Dyijas — A,’;ﬁa Bijag
and determines the initial value of Diijag. Then one constructes the Green
funktion for the propagation of D to zeroth order in the dipole coupling.
Finally, one iterates the homogeneous part of the equation for D up to sec-
ond order in J. The above steps result in the following equation describing
the generation and propagation of the function Z;; defined in section V.

ihBtZij = 5”{2 jjnZin + 2hw;Zij — JjiZi; — idijJ i [K?Uijzij — 6iijj]

—i Z(Jinjji [Sijn(Qn)Zin — Sijn(0)Zjn]
+JinIni[Sinj () Zij — Sini () Zns])}
"1‘6@‘{[(%? - 1)2%?73&}]‘ + Aj + th]ZJJ
+i Z JJnJ"l [K?Unj an - 5niij] + :“6? Z JmZm}
+Z Z{anJ]n[Snjz(Qz)an - Sn]z(Q ) ]
+Jnidin[Snij () Znj — Snii(Q5)Zi1} + Qz,; (B9)
where the source Qz,; is given by
Qz,; = —&ijr; EjNi — 0i5 JMJE N;

+6(B:B5) [ (0l OB (¢) + e~ BN ot

— 00

—(Bi)(®)* Y / hQpp(t — t’);i’;i’ (ByBj)(t') dt’

T e

~552B,8)0) |

— 0o

t

(nom (e — ) (B;) @) Car (B10)
with
hQp(t)] = TG (1),

WQpp(t)] ] = GRL T (0T (t){€iyr (i + Gir) + Oirjr k30550 }

The transfer rates in (B9) are

Sijn(t) = S5 () exp(— Z Fri(eonit — emtonty) (B11)
Sijn(t) = S5 (t) exp Zf et — eIt (B12)
7,_]71( ) gljgnjgln Q +Q —Q; )t

xexpzf (7Nt — 1) —ny, et — 12)) x
XeXPZf (et 1) —ny, et = 17}) x

xeXpi,i" ¢t 1) =y leimt — 1)), (B13)



22
:/Oo %6_(%&9#%&5—@—@)15 «
xesp(Q R (e~ 1) exp(3 S 1) x
xeXpZIiQf (€™t — 72 1)) exp(— Zf nx

mw—Zﬁ#mwMﬂ4mw (B14)

Aj

oo — —
Gij = / 5ﬁef(Qj*Qi)t

mwzﬁf-wt>mm2ﬁwwtmx

it —1J%) %

X exp(— ZfZ iny, et — 1)%) exp(— Zli4f ny, et —1)?) x

Ai

xexp(Y (k2 = 1)V (N — e N h) dt (B15)

Aj
and S;;n () and S;,(Q) are the Fourier transforms of Sj;n (t) and Sjjn ().

Appendix C: Time-local version of the combined coherent and
incoherent exciton dynamics

Starting from equations (67)-(69) time-local equations of motion can be
obtained following the procedures of subsection IV C. These equations read

iho (B (a) — Z‘]J" ) —M E(a) g—iwat

+ihSm(Qs)(wa); (B;) @, (C1)

ihdy(BiB;) ™" = &;{> (Jin(BiBn) ™" + Jin(B,B;)*?)

—E@ el [1;(B;) ) + i (B;) ] — E® e [11,(B;) ) + 11;(B;) ]}
+0i{r30)  Tin(B;iBp) @) — p[B@emet(B;) (0 4 EC)emiwnt(B;)(@)])

+(Aj + 219;)(B; B;)(“)}
+ Zm (pB)(Wa +wp)! 7 (ByB;) @) (C2)

hatNJ(—a,b) _ Z(R N( ab) ijN](—a,b))

m

—(B;) " (Bj) " n{Sm () (wa); + Im()(wr);} (C3)

im0y (B;) ) = i g B e~ {(B)@*(B;)() 4 NI~}
+11; G B e {(By)((By)® 4 NIy
+A{<>@WBBW@+MM““w%>+MG@wM%}
_qJZJJn{ V@ (BB >(b0>+N< ab><Bn><c>+N;7a,c)<Bn>(b)}
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. P, —a * —a,b c
~iq; Y {(Rju NS — Ry NTY)(B;)©
F(Ryn NG = RNy ) B) O} 4 37 Ty (Ba)
+ihSm(Qp) (we + wpy — wa)j(B;) T4 (C4)

where again the RWA has been invoked. The self-energies h{dp and hQdpp
are the Fourier transforms of (44) and (45).
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