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INTRODUCTION

Molecular aggregates are versatile systems showing unique electronic excita-
tions and excited state dynamics. Functionally, they are employed by Nature
in photosynthetic light harvesting and energy funneling!2. In specific condi-
tions the aggregates are formed from synthetic dye molecules thus making a
unique playground for design and studies of various quantum phenomena de-
pending on the nature and the number of coupled chromophores® ¥, which are
molecules that are sensitive to optical fields. To understand, predict and con-
trol their optical properties in various spectroscopy experiments, theory and
simulations must be developed and coordinated.

The core minimal system, which mimics the properties of molecular aggre-

§10  Duye to resonance interaction between

gates is the chromophoric dimer
the chromophores, the system shows absorption bands shifted from the ones
of independent chromophores. An additional excited state absorption (ESA)
appears even if contributing molecules are considered as two-level systems.
Properties of such model system can be simulated with high confidence at the
level of single excitations when considering complex bath structure leading to
non-Markovian exciton relaxation. Exciton is an eigenstate of Hamiltonian, a
delocalized excitation. However, it is nontrivial to simulate spectra of chro-
mophore aggregates when the number of contributing chromophores is much
larger, and the level of excitation is high. The main limitation is due to the
exponential growth of computational time due to the aggregate size and the
number of excitations when considering an arbitrary excitation intensity.
Two-dimensional electronic spectroscopy (2DES) is a routine tool that
has been designed to visualize excitation dynamics and correlations in chro-
mophoric aggregates' 14, The chronologically ordered three excitation pulses
(characterized by wave vectors K, Ks, K3) induce a nonlinear response at
least third order in the incoming field. The induced nonlinear polarization at
a signal wave vector + K7 F Ko + K3 is then detected by a heterodyne de-
tection (by applying an additional pulse for detection timing). The resulting
polarization is a function of the time delays between the neighboring pulses
and detection time (¢1, t9, t3), there are 3 times because there is also a fourth



pulse, the signal detection. Two Fourier transforms, with respect to the two ¢;
and t3 delays between pulses, projects the signal onto two frequencies (w1, w3)
in two dimensions. This reveals exciton evolution, which becomes a function
of the ¢5 time (delay time), which follows exciton populations and intraband
coherences.

For low optical field intensities when the number of excitations is low, signal

1215 The low number of excitations

can be analyzed in perturbative regime
allows us to count quanta taking part in specific processes and determine the
order of interaction and separate them order by order. In this work when we
talk about order, we mean the order of interaction between system and optical
field, i. e. power.

However, at higher field intensity various processes become indistinguish-
able, the perturbative regime essentially does not converge, and excitation-
induced effects of different orders appear at various types of signals, for ex-
ample, some signal of 2DES, like +K; — K5 + K3. Including effects which
are usually associated with much lower order measurements (even as low as
the first order signals). This can lead to misinterpretation of spectral features
and thus requires a special non-perturbative treatment.

Looking at the third order in the field in the standard pump-probe setup’€,
the intensity of the detected signal scales linearly with the pump pulse intensity.
The intensity of the excitation field used in measurement is usually controlled
to achieve a better signal-to-noise ratio and is not used as a parameter that may
additionally reshape the signal. If the signal contains purely third order con-
tributions, there should be no intensity dependency (apart from the intensity
scaling). But as the excitation density becomes higher, additional processes,
related to exciton-exciton interaction at higher orders to the field become in-
volved. Hence, certain physical processes change with different density of ex-
citations in material, which is partly determined by the intensity of the excita-
tion electric field, via higher nonlinear processes.

Exciton-exciton annihilation (EEA) is one of such processes that strongly de-
pends on the density of excitations 21322 That process is the consequence of
internal conversion when the highly excited chromophore, resonant to double-
quantum resonance, quenches one excitation and relaxes into its lowest excited
state, thus leaving only one-quantum excitation. Time dependence of exciton
decay kinetics in large molecular clusters and aggregates can give information
on exciton diffusion®3. Overlapping higher order processes are generated at
least at the fifth order when two additional interactions happen with any ex-



citation pulses. However, recently a 2D signal at £2K; F 2K5 + K3 which
comes at distinct spectral window has been shown to specifically excite the
double-exciton energy band and detect features related to EEA%4. But the fine
structure of these spectral features still requires further study.

Exciton interaction with vibrational degrees of freedom (phonons) is the
source of exciton localization (due to static disorder) and exciton relaxation
(dynamic fluctuations)!®. Already mentioned EEA appears due to vibronic

coupling at nonlinear excitation regime23-20-26.22

. These effects play against
the exciton formation. In molecular systems the phonons are mostly local vi-
brations (or static diagonal disorder), which affect chromophore excitation en-
ergies without spatial correlations. As a result, they modulate chromophore
transition energies and tune the chromophores away from stable resonances.
This means equation complexity cannot trivially be reduced by changing to a
delocalized exciton basis, when all local and non-local effects must be consid-
ered.

Vibrational degrees of freedom are treated indirectly, using Redfield relax-
ation theory. In Redfield relaxation theory, the vibrational degrees of freedom
are assumed to consist of an infinite number of harmonic oscillators that are
coupled to the system. The coupling between system and bath is assumed to
be small and second order perturbation theory is applied according to it. As-
suming that the bath is Markovian e. i. neglecting memory effects, the bath is
treated as in a mean field like theory, oscillators are “frozen” at thermal equi-
librium which is defined by the temperature of the bath. With this, the Redfield
relaxation theory description is acquired.

Equations for non-perturbative calculations of spectra of a set of coupled
electronic oscillators by using a Nonlinear Exciton Equations (NEE) formalism
have been derived”. Non-perturbative methods generate endless hierarchies of
equations that, in general, cannot be solved?’. NEE generate the endless hier-
archy of coupled equations. For practical use specific assumptions are needed
to give a solid basis to ending the hierarchy at some well-defined level. By
adding or dropping EEA terms we can reason about the number of excitations,
which effectively can exist in the system. Following that, if we have terms
that are related to a very high number of excitations, we factorize them and
treat them as products of lower order terms. Depending on a specific system
of interest and a specific spectroscopic measurement, such factorization is not
arbitrary. This can lead to unexpected results from equations, e.g., diverging
solutions, giving nonphysical effects or losing some properties that are impor-



tant. However, as a positive feature, due to the high number of excitations,
the factorized equations may lead to correct multi-quanta cumulative average
spectral features which cannot be easily captured using perturbative regimes.
Hence, the systematic analysis of various factorization schemes is necessary.
However, as a positive feature, due to the high number of excitations, the fac-
torized equations may lead to correct multi-quanta cumulative average spectral
features which cannot be easily captured using perturbative regimes.

One strategy to reduce the required computational resources for solving NEE
is to restrict the number of excitations. This corresponds to restricting the types
of nonlinear processes to the ones that are the most prominent at e.g., the low
excitation level. The next option is related to restricting the theory to only
bright optical excitations, which can be extracted by considering specific sys-
tem symmetries. This usually requires a change from molecular/site basis to
exciton basis, where system-specific symmetries may result in only a few op-
tically accessible resonances in the whole band of allowed states. Rewriting
the model into exciton basis and truncating the base, transforms the model to
an effectively reduced problem in the spirit of the renormalization group in

condensed matter physics 282

, as truncating in exciton basis correspond some
parameter renormalization in molecular basis.This results in describing the ag-
gregate in terms of a small number of effective quasiparticles. This approach
effectively reduces the size of the problem and even infinite size aggregates
can be “solved” analytically3¢.

In this thesis the highly nonlinear effects in nonlinear absorption, pump-
probe and 3rd-5th order 2DES spectra of chromophoric aggregates® 3 are
considered.

We describe how the inclusion of EEA terms into NEE affects the 2D spectra
at various levels of wave-mixing®!. We limit this analysis to dimer and trimer
systems for 2DES spectra. To extract highly nonlinear 2D signals the phase
cycling method®! was applied. Significant changes can be seen in 2D spectra
when EEA is active, which could be associated with dynamic exciton symmetry
breaking.

We compare several factorization types®3 for a linear chromophore aggre-
gate from low to high excitation field intensities by calculating the simplest
possible absorption spectrum. We show that at high excitation intensity addi-
tional induced absorption may be seen, while its characteristics are very sensi-
tive to system nonlinearities and, hence, the type of factorization. This can be

used in a specific application for a specific molecular system.
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We study the behavior of NEE solutions with EEA terms for J aggregate
when restricting the calculations to subsets of excitons®2. For this, we calculate
pump-probe spectra at various optical field intensities. We show the spectra

converge when only several excitons are used in calculations.

Layout of the dissertation

This dissertation follows the 3 published main studies. These 3 studies each
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We start with presenting an overview of general theory about Frenkel exci-
tons, the treatment of environmental degrees of freedom, Nonlinear exciton
equations and Phenomenological treatment of Exciton-exciton annihilation.
Later, we present each study in separate chapters. Each chapter starts with
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1 THEORY

1.1 J aggregates

In this work our model systems will be J aggregates. Idealized linear aggre-
gate is a system composed of a chain of identical molecules. The molecules
are coupled between the nearest neighbors with same value for all couplings.
Also each molecules in the aggregate has same transition dipolar moment. The
transition dipole moment of molecules in chain are aligned with respect to the
chain axis. If the transition dipoles are aligned perpendicular to the chain axis
then such aggregate is called H aggregate. If the transition dipoles are aligned
parallel to the chain axis then such aggregate is called J aggregate. The re-
sult of these properties is that of all eigenstates of J aggregate excitations, only
the lowest energy one has nonzero transition dipole moments. This property
we will exploit in later parts of this work for increasing efficiency of spectra
calculations.

1.2 Frenkel exciton model for molecular aggregate

We start with a very generic model of a simple collection of electrons and nu-
clei. With the Born-Oppenheimer assumption the electrons and nuclei can be
treated separately as their masses differ by 3 orders of magnitude. The coordi-
nates of nucleus are then treated as parameters for electron motion.

The Hamiltonian for interacting charged particles in atomic units can then
be written as:

| o7 L
dndm
Hs =) Kat3 Zw—u Z\Rn—rﬁ 2 R, - Rl

(1.2.1)
here K « 18 the kinetic energy of « electron, 7, denotes electron coordinates,

R, - nucleus with charge g,. The 4 terms in equation: the sum of electron
kinetic energy, the electron-electron interaction energy, the electron-nucleus

16



interaction energy and nucleus-nucleus interaction energy. Only the electro-
static interaction is considered.

Going up in scale we can group electrons and nucleus to corresponding
molecules. Thus, arrive at bigger picture Hamiltonian with Hamiltonian of
each molecule and interaction between molecules:

m;ém

Hg = ZHm + = Z Vi’ (1.2.2)

Where H,, is the chromophoric Hamiltonian of m-th molecule:

04755
- S S
aErm ‘ - T'a ‘
. Z qn 4 1% qndk (1.2.3)
— Rﬂ({n) . T&m)) 2 — ‘R(ﬂm) . R&m) ’ L.

here R%m) and rgm) are the coordinate of nuclei and electrons belonging
the m-th molecule. The V,,,, are the interaction terms between m and m/
molecules:

1978 1 Ry I
Vo' = = —+ = I
2 %ﬂ: ’Tgn) T2 %; ‘R;m) B R&m))
dn Gn
2\ )

The molecular system is composed of multiple chromophoric molecules.
Chromophores are molecules that are sensitive to light via optically-induced
electronic transitions. Here the molecule is treated as a 2(paulion) or 3(boson)
level system with specific transition energy J and anharmonicity X when the
molecule is excited more than one time. Interaction with light is described by
transition dipole moment pu,,,. Coupling between different molecules is mostly
electrostatic resonant interaction which can be expressed as Coulomb dipole-
dipole interaction with assumption that the size of molecules is smaller than
distances between molecules.

Molecular system can then be described by the Frenkel exciton Hamiltonian:

17



ijnb by + = ZK bi2b2,
+Zum t)b! *Zﬁ‘m (1.2.5)

Indices m, n label different oscillators (chromophores) positioned on different
sites and forming a specific lattice. The diagonal elements of the matrix J,,
are electronic transition energies (m = n), the remaining elements (m # n)
are the resonant couplings, K, is the m—th oscillator anharmonicity, while Bin
(l;m) is the excitation creation (annihilation) operator for oscillator m. In gen-
eral K should be a 4-th order tensors, Kmnkﬂ;%l;jli)kl;l, representing different
types of anharmonic corrections, such as correction of the resonant couplings
due to excitation occupation, K,,,,,,; and electrochromic shifts due to excitation
occupation, K,,nnm. However here we keep only diagonal elements.

Optical field consists of excitation pulses labeled by [ and the system-field
interaction is defined by a dot product of the optical electric field and the chro-
mophore transition dipole moment f,;,:

um Z o - E(t — tor) exp(Liw(t — to) FiK;r), (1.2.6)
1

which defines the exciton creation or annihilation amplitude; we have also
made the rotating wave approximation (RWA), where each exciton cre-
ation/annihilation process is associated with the specific optical frequency.
E;(t) is the pulse envelope function, centered at zero. ¢(; is the pulse’s central
time and wy - carrier frequency.

1.3 Generalized commutation relations

Multi-particle statistics are defined by a specific commutation relation. For

paulions33-56;

by 1] = S (1 — 2b1,y). (1.3.1)

ny Um

This commutation relation forbids multiple excitations of a single chro-
mophore. The model thus defines two-level electronic oscillators. In the case
of bosons, we have:

{i)nabin] = Omn (1.3.2)
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which allows multiple excitations of chromophores. To keep the same level of
complexity in mathematical formulation, it is convenient to use the generalized

commutation relations, such as:

A~

[b [;T ] = 5mn(1 - 277[;1ni7n)7 (1.3.3)

ny Um

with 7 = 0 being bosons and 1 = 1 - the paulions.

Here we added a parameter that allows to go from one description to other,
in theory. But the excitation properties between two edge values (paulions and
bosons) are not tested. Therefore in following sections in addition to doing
calculations for paulions and bosons we also test the “middle” case setting pa-
rameter n = 0.5. This is a choice with goal of testing if the results are physical
and converge. Also we demonstrate how this case compares with paulions and
bosons.

The validity of this approach can be argued as follows. While we treat
molecule as single whole unit, they are multielectron systems. Neither
paulionic nor bosonic model is explicitly correct for the electronic excitations
of such molecular system. Molecular chromophores can be excited to higher
excited states while the transition dipoles do not follow harmonic oscillator
scheme. This is why having a tunable parameter for “paulionicity” may allow
to better represent molecular system.

1.4 Coherent exciton dynamics - Nonlinear Exciton Equations

Quantum mechanics has several formulations?®?28

. Nonlinear Exciton Equa-
tions (NEE) are based on the Heisenberg picture. In the Heisenberg picture
the whole time dependence is contained inside operators (A (¢)) and the state
(|1(0))) is static, time independent and corresponds to the initial conditions.
To contrast the Schrodinger picture is a picture in which the operators (Ag) are
mostly static (they can contain explicit time dependence) and all the remaining
time dependence is contained inside the state (|¢/(¢))). The expectation value

in the Heisenberg picture is:

(A()) = ((0)| A (1)]1(0)) (1.4.1)

Equations of motion in the Heisenberg picture are acquired from the com-
mutation expression assuming the Hamiltonian does not have explicit time de-

pendence:
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— A, A]. (1.4.2)

Here A is an arbitrary operator in the Heisenberg picture.

The goal is to calculate how molecular systems respond to external optical
electric field. The related observable is polarization; the corresponding opera-
tor can be defined as:

P =" by + > phbl, (14.3)

with expectation value:

= palba) + Y ph (). (1.4.4)

Starting from the lowest order operators, b, a system of differential equa-
tions known as NEE®*#¢ is generated. Note that we set h = 1, which al-
lows frequency and energy variables to be used interchangeably. Introduc-

ing composite operators, G, = = bl wbus Yup = Eubv, 2w = bTb b and
Gu = (1 — 2n6y,,), we find the first few equations of NEE:

db
ZJungub + (1 = ) Kub gudiun + 11, ()G (14.5)

dqu Z Jvnbugvb - Z Jmubmgu v

+( )K b vab ( n)Kul;La'uui)v
+ g (0bLge — 1l (£)gub (1.4.6)

d
yuv Z JonGoYun + Z JunGulon
- 27751“1 Z JonGolon
n

+ (1 - 77) (Kvé—vv + Ku&uu) guv
+ (T = 0)du Ky (1 =10 (3 —27) vv) oo
17 ()b + 17 (Ddubs — 200wty (Dgubu,  (147)
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.dZg ot A
17% = zﬂ: Jvnbzgvyun + En: Junbzguyvn

- 277571,11 Z Jvni)zgvyvn - Z Jmké;[ngkﬁuv
n m

+ (1= bl (Kobow + Kubuw — Krbik) G

+ (1= 0)buu Kbl (1= 1(3 = 20) Guv) G

+ iy (8B} Gobu + 1 ()DL ube

— 208uvtty (£)b}Gubo — 15 () GkGuao- (14.8)

This endless hierarchy needs to be closed to be at least numerically solvable.
First expectation values need to be calculated; in this work we mark expectation
values dropping hats:

bu(t) = (by), Tuwn(t) = (Gu), Yus() = Gu), 2w (B) = Gruw).  (1.4.9)

Higher order terms are factorized into product of lower order terms, in the fol-
lowing equations changes such as (b,bbbyby) — (bh)(bhby) (by) — bEouuby
were made, presuming that 13:5 by is population operator and it quickly loses co-
herence with other I;Lén terms, while preserving operator order. More about
the reasoning and validity of such simplification is described in the following
chapters. In addition Certain terms were dropped with following assumptions:
<bLblbvbu>,u; (t), and their conjugates. With all these assumptions, we arrive
at such equations:

+ (1 = 0) Kuzuuu + iy () — 2011y (t)Ouu, (1.4.10)
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dqu Z JonOun — Z ImuTmu
- 277 Z Jvnbugvvbn
+ 27] Z Jmub:no'uubv

+ (1 =) Kybyouby

= (1 = n)Kub,ouuoy

+ gy (4], — 2np, (£) 2

— et (£)bo + 2048 (8) Zuao, (1.4.11)

dyuv Z Jvnyun + Z Junyvn
- 27751“1 Z Jvnyvn

+ (1 - n)éuvayvv
+ oy (£)by + o (£)by — 200y py, () by, (1.4.12)

dzk
- Z JonZkun + Z JunZkvn
- 2775uv Z JonZkvn
n
+ (1 - n)éuvazkvv - Z Jmkzmuv
m

+ tiy (£) Ok + poy (1) Ok
— 200up by, (1) Oky — ,u;(t)ym,. (1.4.13)

Within these equations now we can observe the role of 77 parameter. We see
that it scales anharmonicity (1 — 7) K, and affects the population saturation
though transition dipole moment rescaling (1 — 2n0y,,) ., (t). In the test case
of n = 0.5 we still have saturation of population effects (paulionic effect), but
allow higher excitation with some excitation energy anharmonicity (bosonic
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effect). So both effect are retained.

1.5 Relaxation in NEE

1.5.1 Linear relaxation description

The above formulation does not include dephasing and relaxation effects. To
calculate realistic spectra, we need to include these effects in our equations.
For this we extend the model by adding the surrounding (phonon) degrees of
freedom®!. Equations with many operators should reflect multiple excitation
correlations where a broad range of relaxation processes take place. Specific
requirements in the relaxation process must be fulfilled. The most important
thing is the conservation of total probability in the single exciton band as the
exciton lifetime is usually much longer compared to the intraband exciton re-
laxation.

The environment is added as an infinite set of harmonic oscillators linearly
coupled to the chromophores. The oscillators then experience transition energy
fluctuations, via an added system-environment Hamiltonian term:

Hop = % Sy [cmaéiném} O + hec.; (1.5.1)

here (). is the coordinate of a—the bath oscillator, ¢, is the interaction
strength. We further accept the standard local-bath assumption where the bath
oscillators are grouped around the chromophores and statistical properties of
all sites are the same, while statistically independent. In the Heisenberg picture
with respect to the bath the Hamiltonian elements become fluctuating, which
can be denoted by .J, (t) for energy fluctuations and associated with amplitudes
c.

Markovian secular Redfield relaxation theory (MSRT)#313:8344 4t the sec-
ond order with respect to the system-bath coupling is used to describe the re-
laxation. We start from the general expression of the combined system and
bath density operator W. For the reduced dynamics p = Trp (W) in Born
and Markov approximation (the bath is at thermal equilibrium, p.4, and the
fluctuation correlations decay fast), we can write:

L = i [Ho,p(t)] - RV (15.2)
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where R(¥) is the relaxation superoperator given by*

(1)
- é"rmﬁg(T)a’nng T)C

( n(T)
—G(7)6nnG(—7)p

RWpj = /OO dr Z {672 G(T)0nnG(—T)pChr(T)
O n
+ ﬁg(T)&nng(_T)&TmC
50 Cn(T)}, (1.5.3)

where G(t) = exp (—iI:[gt> is the propagator associated with Hy system

Hamiltonian, 6y, = blibn, Cn (1) = (Hg Bn(T)Hsp n(0)) is the Hamiltonian
fluctuation correlation function of site n, where Hgp = Y on OnnHspn (7).
In the above Eq. we use a standard assumption of molecular aggregates
that fluctuations of different sites are uncorrelated (all other types of correla-
tion functions vanish). With these assumptions, the correlation function can be
calculated?:

C _ C%LO( hlea ..
n(T) = Z 5 cot 5 COS Wyt — isinwqt |, (1.5.4)

«

here w,, is the frequency of a bath oscillator, 5 = k%,t is parameter of bath

temperature.

We take ﬁo = Zmn JmnI;Inl;n (linear part of H , without electric field
terms), then G(t) are easy to solve and allow to acquire simple expressions.

Expressing this relaxation superoperator in eigenstate basis allows having
simple expressions for propagators and allows establishing the secular relax-
ation terms.

It is convenient to denote the Fourier-Laplace transform of the correlation
function:

M(w) = /O " explict)C(t) dt. (15.5)

The real part of this function is responsible for energy relaxation, while the
imaginary part is for the bath-induced spectral line shift. We drop assume
all Cp,(t) = C(t) same for all sites. It is conveniently expressed by the

temperature-independent fluctuation spectral density C" (w)#34€:
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M(w) :%(1 + coth(Buw/2))C" (w)
B i/ dw' 1 + coth(Bw'/2)

2w w —w

"W). (1.5.6)

Next, we take inspiration from [1.5.3], and extend the idea for NEE equations.
In Fig. [L.5.1a) we show all diagrams reflecting the secular system-bath inter-
action configurations in eigenstate basis corresponding to Eq. [L.5.3. Starting
from the density matrix element ab or aa on the bottom of a diagram we have
interactions with the phonon field on the left or on the right, denoted by curvy
lines, and arrive at the final configuration. Two diagrams in the middle con-
tribute to energy relaxation (or transfer, if taken in real space), and two others
contribute to population or coherence decay.

The NEE variables are equivalent to specific blocks of the system density
matrix at low excitation intensity. For example, b variables denote projectors
|0){e], |e){f|, etc. where |e) denote singly excited states, | f) - double, hence
they reflect the corresponding blocks of the system density matrix. Similarly,
& = blb is the single exciton |e)(e’| density matrix in the electronic excited
band. We can thus use the general relaxation superoperator expressions specific
to these blocks for the NEE variables.

However, to calculate the complete set of propagators entering Eq. [1.5.3, we
need to consider multi-exciton blocks of the Hamiltonian. The single exciton
block is relatively simple. In the site basis this block is defined by the matrix
J and the single exciton eigenstates are given by

Z Jmnen,a = Jaem,av (157)

where J, is the a-th exciton energy and 6, , is the exciton wavevector. How-
ever, computing eigenstates of the double, triple, and more exciton blocks is not
a simple task when the number of sites is large. As the NEE variables encode
the infinite set of blocks with ever increasing number of excitations, to avoid
computation of multi-exciton eigen states, we make an additional approxima-
tion that the system anharmonicities (Pauli blocking in our particular case) are
excluded when computing the relaxation superoperators (the Pauli exclusion is
included in the equations of motion). Notice that this does not interfere with
EEA since the EEA is interband process, while the energy relaxation here is
considered within one band. In this way the coherent (no bath) multi-particle

25



a) ab cc¢ ¢c¢ ab
| | | |
~ ¢ ~ ¢ | |
| | | |
cl | | [ d
| | | |
| |
\/\+ | \/\+ |
lll b clz a rlz a tIJ b
b C
)0.“ )Oab 0 ab 0 ba 0 ba
! I | I I
! I | I I
! I | I I
| Cc I ¢ | c | |
! I | I I
! I | I I
: | | I I
0a bab b ab b ab b ab
d)
T cch cch uab i u ba
: | | | | |
A | A% | A e Y |
: | | | | P
Y ! [ e P
| | | | H |
1'1 ab (Iz ab (IJ ab ll.l ab 1'1 ab
c bc c bc u ab u ba
| | | |
~e I I I
| | | |
| | 1|l |
| | | |
| | |
| ] | |
(IJ ba ;1 ba 1Ix ab il ab

Figure 1.5.1: Feynman diagrams reflecting the system-bath interaction config-
urations for (a) general reduced density matrix, (b) b variable,
(c) y variable, (d) z variable. Wavy lines represent interactions
with the bath (phonons). The letters at the bottom and the top
of each diagram represent states before and after interactions, re-
spectively. Final state indices are specifically chosen for secular
interactions. Notice that changes of states originate due to off di-
agonal interaction with phonons, while the diagonal interaction
would not cause a change of state. As the phonon bandwidth is
much smaller than the optical bandwidth, all states (apart from
ground state 0) are inside the single exciton band.
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propagators with respect to Hy (Eqs. [4.10-.4.13) become equal to prod-
ucts of single particle propagators and the relaxation and multi-exciton blocks
reduce to the single-exciton blocks |0)(e| and |e)(€’|. Hence, denoting

b(t) = 6" (1)b(0) (1.5.8)
we write
6y =g"gy (1.5.9)
gh = gMg (1.5.10)
ghw — g g (1.5.11)

and so on. The subscripts of the propagators denote the exciton index (as of
independent quasi-particle) in the composite multi-particle state. In diagram-
matic representation now some lines of two or more particles in Fig. [1.5.1]a)
split in two due to propagator factorization, i. e. the double-exciton state is
represented by two exciton particles. Consequently, in the one-exciton eigen-
state basis we find the following secular relaxation terms for the b variable (Fig.
[1.5.1lb) coming from a single diagram

RZ?LLC(b) = ZAaccaM(Wca)~ (1.5.12)

the Agpeq is the exciton overlap tensor Agpeq = D, Ou,abu,pOu,cu 4. Diagrams
for y variable are shown in Fig. [L.5.1|c). Based on the diagrams we can count
the non vanishing terms and write the expression for the secular relaxation

terms:
R = Rexe® 1 RECD) L 9N 0, M (0), a # b. (1.5.13)
RS = Napa (M (wap) + M (wra)) , a # b. (1.5.14)
REEW) = 2RO 1 2N 4400 M (0). (1.5.15)
It may seem surprising that RZi;(g )and RZ}Z;%’) are different, however this is the
consequence of factorization of the exciton propagator. So, the sum RZ‘E‘;(;)J ) +
Rzggcb(g) enters the final equation of motion, which means that y,;, = v, 1s kept.

The variable o = (b'b) corresponds to the full one-exciton block of the den-
sity matrix so its relaxation operator contains the standard terms of the popu-
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lation transport and of the coherence decay terms. For a # b we have:
RS = —kap, (1.5.16)
where kqp = 2A 450 RM (wpq ) 1s the rate of population transfer from b to a,
R = Rgme® 4 it (1.5.17)

and for diagonal population terms we have R((li?aa = koo = Z?’éa ke
Variable z = <3T1313> is factorized as shown in Fig. [L.5.1ld) so, we get contri-
butions to relaxation from nine diagrams. These diagrams can be grouped to
represent the terms that are the same as in y and ¢ variables. For example, the
dotted lines encircle the same diagrams as in Fig.[l.5.1la) where one exciton is
not affected by the interactions. We group the result into the following set of

terms:
Remc(z) _ Rezc(z) _ Rexc(z) _ Remc(z) - _k 1.5.18
uua,ova - uua,vav uauw,vav uau,vva " uvy U 7& v ( o )
R'eui?z(,z)ua = Rzzfzz(,i)au = kuu + RZ:,EG?(Z))? U 7& a (1519)

Re:vc(z) _ Re:}cC(Z) — quaa(M(Wau) + M(wua))7 uF#a (1.5.20)

UUA,UAU UAU,UUA

Rewe(z) Ky + R©®) (1.5.21)

UUU, UUY U, U

finally for v # a, u # b

exc(z exc(b)x exc exc(b
R (2) _Ru,u(b) + Ra,a ®) + Rb,b )

uab,uab
+ 2(Agavy — Avuaa — Avury) M (0), (1.5.22)
R = Aapa (M (wap) + M(w3a)) - (1.5.23)

By grouping terms:
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R yap =REO)* + Reze®) RZ?,C(b)
+ 2(Aaabb — Ayuaa — Auubb)M(O)
+ (1 = bap) Aabba (M (wap) + M (wha)), (1.5.24)

Ry = REO* 4+ REZO) — 3kuq — 2M 0000 M (0). (1.5.25)

A cleaner representation in exciton basis can be acquired:

. dZyab _

dt

e T Z‘~Z:’v)2,uab25uab - i(suakubzbbb
+ ifsuaRl,uZuub + iéule,uzuau

+ Z‘(5ua Z 2kul2llb - Z’(Su(ﬂsub‘z:il,uzuuu
l

+ 10up Z 2kyiz1al — 10ubkuaZaaa- (1.5.26)
l

This description can be simplified by forcing the triple quantum coherence
description with R%2?) — (R« 4 R 1 RY) The “full” model is numer-
ically unstable for larger systems of fully paulionic type of particles, while the
simplified model works for an arbitrary system (section 2.2).

For NEE in site basis, relaxation terms are transformed into the site basis as

follows:

RY), = 0na0m R, (1.5.27)

a
R?%v)@,n’m’ = Z Hn,aem,bgn’,cem’,dRZ?fc(g), (1528)

a,b,c,d
szi)w,n’m’ = Z Hn,aem,ben’,cam’,dRZch(j), (1529)

a,b,c,d
RE v = > Onabusbh, b abr (00 g RGeS (1.5.30)

a7b7c7d7f7g

And these term are added to NEE in site basis:
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ddi; = = RO by, (1531)
L (15.32)
d?ch:v _ Rﬁ)’ulvlyu,v,’ (1.5.33)

Bl R, e (1.5.34)

1.5.2 Exciton-exciton annihilation

EEA is a process that causes nonlinear excitation population decay2’. In this
work phenomenological interband relaxation process for EEA is used as out-
lined in ref.”. At high excitation intensity multiparticle excitations should be
expected, however, then EEA will quench the excitations. The process re-
flects the molecular internal conversion process when the molecule is doubly
excited into highly excited molecular states. When the internal conversion pro-
cess is fast compared to intermolecular exciton hopping rate we can use our
formalism and the EEA process can be represented as an incoherent distance
dependent transition a( |7y, — rn\)l;jnl;mé;rj)n — I;IL b,,, where we have m #n,
al|rym — rn|) = a(rmy) is the amplitude of the process depending on the
distance between sites m and n. For the weak intermolecular coupling. the
function (7, ) can be taken as the Forster excitation transfer rate226, If the
sites are tightly packed in the real space so that the nearest-neighbor distance
can be defined, the rate of the process on site m can be associated with the
nearest neighbors, a(7ry,) = 505,(3; ") Here 5%; ") s equal to 1, when m
and n are nearest neighbours and 0 otherwise, k¢ is the annihilation parameter.

It should be noted that this decay channel contributes to the “lifetime” broad-
ening of all related coherences, according to well-known relation: the lifetime-
related decay rate for coherence mn is 7,0 = (kmm + knn)/2%, where
Krm = Ko ) _,_, Onn, the sum is over the nearest neighbors.

With this EEA behavior in NEE can be achieved with terms in form as?:

dA,,

m

Here on the left side nk... denotes an arbitrary set of indices and then on the
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right side for each of them we have a term like G,,,, where G, = (5%{ ) +

Omn ), which has in addition self-site annihilation. This scheme is in accord with
previous models, e. g. dn/dt ~ —n?, which have been used in pump-probe
spectra analysis and supported by experiments (see e.g., ref.1$23),
This description of EEA applies to the site basis and thus can be efficiently
used in site basis equations of motion.
% - % Ty Gronubes (1.5.36)

m

It should be noted that o,,,b,, is about the same order as z,, to the optical
field. Thus, in a pump-probe experiment where first order terms cancel out, if
is comparable to .J then there can be a significant effect on pump-probe spectra
from EEA terms even at low excitation intensities compared to when EEA is not
included. This should not be surprising as the excited state absorption is related
to the properties of two excitons, i. e. the EEA contributes to broadening of
the excited state absorption lineshape. For the o variables the EEA enters at
the fourth order:

dqu K
dt - ?O - T (Gmu + Gmw) Ouw, (1.5.37)
Lo -2 (Grmu + Gmo) (1.5.38)
e T e T T e s 5.
dzgy
th v % T (G + G + G 2o (1.5.39)

Notice that the product oz implies the fifth order relaxation process, while
oo is the fourth order process.

1.6 Closing NEE for numerical calculations

NEE equation factorization is employed to close the hierarchy at a specific se-
lected level. This reduces the complexity of calculations and computational
costs but may remove or add new behavior to spectroscopic results. For exam-
ple, a simple factorization:
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neglects operator order, which becomes significant when £ = n. However,
when k # n we find isolated population of k—th chromophore and the remain-
ing are characteristics of n—the chromophore. In contrast a different factoriza-
tion seems more appropriate for other indices:

<611611meme> = y:mymmbl (1.6.2)

Here the operator order is preserved, but another crucial difference is that the
latter description considers all variables as optical coherence terms. It can be
expected that the terms related to populations (factorized in the former way)
would persist longer compared to later factorization into coherences. In both
these cases another effect is neglected, when & = n = m = [, where vari-
molecular excitations. Notice that the variable BanBn is the triple excitation
coherence and by factorizing the variable we may lose associated resonances
that could be controlled by paulionicity or bosonicity.

Factorization of high order variables additionally allows to avoid deriving
relaxation rates for higher order terms. For the lower order terms Redfield re-
laxation rates are easily expressed in exciton basis. In the site basis the terms
are cumbersome and quickly become computationally excessive when calcu-
lating the higher order terms.

Next we will present several possible schemes for closing NEE at various
levels of complexity.

1.6.1 Complete factorization

The complete factorization of all variables into the smallest possible b(t) vari-
ables allow to have very compact form of the equations,

B . * o * 7.2 -
Cat (1 = 2nb;bu) (Zn: Junbn + (1 — 0) Kby by + (t)>

. K "
+iY RU)b, - 150 > b Grube- (1.6.3)

This equation describes coupled nonlinear oscillators. It is remarkable that the
chromophoric anharmonicities are still included as well as excitation amplitude
nonlinearity via (1 — 2nb}b,,) term. However, the double-excitation energy of
oscillators is included approximately. Notice that a similar approach has been
used to describe highly nonlinear excitations of carbon nanotubes*?.
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1.6.2 Restricted coherent state factorization

If the system remains coherent, the wavefunction description is completely
valid and daggered and non-daggered operators evolve independently. This

can be utilized to describe resonances up to double excitations by using only

two equations”:

= Z Jun (bn — 277bvjyun) + py, (1) (1 = 2nb;by)

IZ R¢ b)b - 1“0 Zb* s (1.6.4)

- 2n5uv Z Jvn 277bubv) Yon

+ oy () (bu = 20b5Yuu) + iy, (t) (b — 200y Yuw)
= 2000y () (by — 20b5Ywy)

+ (1 = n) (Kubyby + Kubybu) Guw

+ (1 = 0)0un Ko (1 = n(3 = 20)byby) Yoo

—1 Z Rq(ﬁ;)mmynm

_ 17 Z b by G Y — i% > b Grotus. (1.6.5)

Here <3v3u3n> = byYun 1s additionally factorized by neglecting triple coher-
ences; the annihilation terms were replaced by changing oy, = b}b,,. No-
tice that factorization of conjugated and not conjugated operators holds in the
pure state limit, when the system is described by a wavefunction; the bra and
ket wavefunctions then propagate independently, so conjugated and not conju-
gated variables become independent. We call this limit completely coherent. It
can be considered only at low temperatures or at short times when the system
is in a complete coherent state.

In molecular systems exciton decoherence usually plays an important role,
the system turns into the mixed state; the coherent model becomes insufficient.

o and z variables include the exciton population variables when bra and ket
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states become correlated, and thus including these variables in the models is

highly desirable, when applying the equations to realistic molecular systems.

1.6.3 Direct factorization

Another alternative is retaining o and vy, using g, = (1 — 21nd,,) as a hint

for factorization. So, as a first step all populations are identified and isolated.

Retaining ¢ means keeping population-induced effects, which last longer than

coherences. This type of factorization should be more suitable for experiments

that deal with delay times longer than coherence times. The following set of

three equations are obtained:

dby,
T = Z Jun (1 - Qnguu) bn + (1 - n)KuUuubu

dam,

= 2n(1 — 7)) KubpouwuYuu + po, (t) (1 = 200744)
ZR D) by — 0 ZannGnubu, (1.6.6)

ZJvn Oun — 27]b vabn)
- Z Jnu Um; - 2nbnguubv)

K
_ZZR’MU mn0 - 130 Unn(Gun +Gvn)0'uv

+ (1 - n)Kvbugvvbv - (1 - n)KubZUubv
+ N;(t)bz (1 - 2770vv)
— o (t) (1 = 2nouy) by, (1.6.7)
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dyuv

Z Jvn - 2770vv> Yun + Z Jun (1 - 2770uu) Yun
- ZZ Rq(g;)mnymn - 717 Z Urm Gun + Gvn)yuv
- 277 Z 6uv=]zm (]— - 2770'1)1)) Yon

+ 1y (1) (1= 20000) by + p1, (8) (1 = 2n004) by

— 20uuMpty, () (1 — 20000 by

+ (1= 1) (Kyoww + KuOuu) Yuv

+ (1 = n)du Ky (1 = n(3 — 20)0ww) Yoo (1.6.8)

1.6.4 3rd order models

The following factorization model keeps at least 3rd order terms “whole” and

factorizes all higher order terms in specific schemes. The third order is the

lowest nonlinear order process in isotropic samples. Therefore, by keeping at

least third order variables the “whole” previously known features should be

kept and then factorization affects only higher order terms.

All the following models rely on the following form of the NEE:

dauv

= Z Junbn - 277 Z JunZuun + (1 - n)Kuzuuu
n n

+ 1, (8) — 2np,, ( )Uuu

ZZR b, — z— ZannGnub

n

+ ) (1.6.9)

Z JonOun — Z JnuOnv
_ZZRuvmn _Zizann (Gun + Gon)ouw

+ N; (t)bu — Hy (t)bv

+oW, (1.6.10)
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d
yuv Z JonYun + Z JunYon — Z 2775uv JonYon
- ZZ Rq(ﬁ;)mnymn - 27 Z Unn un T Gvn)yuv
n

+ (1 - n)(suvayvv
+ oy (£)by A o (£)by, — 200w pty, () by
+y5y, (1.6.11)

dz
kuv Z JonZkun + Z JunZkvn — 2775uv Z JonZkun

—1 E : Rkuv,k’mnzk/mn

k' ,n,m

K
— 7130 Jnn(Gkn + Gun + Gvn)zkuv

- Z InkZnuw + (1 - n)éuvK’vzkvv
n

+ M; (t)aku + Mu (t)gkv - 27}51“;/1; (t>0kv
— 1 () Yuw + 20123 (F) 2 bk
+ 20 (1.6.12)

kuv
Here b(® and 2 are the fifth order corrections, while y¥) and ¢ are the
fourth order corrections.
In the present case the main downside compared to simpler models is the
need for R .,
theory. Annihilation terms are kept the same for all models.

relaxation terms, which come from the Redfield relaxation

1.6.4.1 zo factorization model

In the next factorization model, which is denoted as zo based factorization,
all terms higher than 3rd order are factorized in terms of ¢ and lower order
variables. From the set of the above-given NEE we end up with high order
corrections.

b®) = —2n(1 — 1) KyouwuZuuus (1.6.13)

u
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O-Q(L4'u) =—2n Z JonOvuOun — 2n Z JnuTuulny
n n

+ (]‘ - 77) (KUUUU - Kuauu) Ouv
— 20t (8) iy + 200ttt (8) Zurs (1.6.14)

1%)) =—2n Z Junauuyvn —2n Z Jvnavvyun
n n

+ (1= 1) (Kyopw + KuOuu) Yuu

= (21— 3)(n — 1)duwKvouwuYvw

= 201y, (1) 2uwo — 201ty (£) Zoou

+ 4776w > JonGouon + 40 Suntty () 2o, (1.6.15)

n

5
Zl(cu)v =21 Z Ik Okl Znuw — 21 Z JunTuuZkon
n n

—2n Z JonOvv2kun + 27]:u;r (t)o-kkyuv

"
+ (1= n) (Kyoww + Kuouu — KiOki) Zkuw

= (27 = 3)(n — 1)6uv KvOpw2kuw

— 20ty () OuuOhw — 201ty (£) Tpu O

+ 4770w > JonOouZkon + 40 Suntty ()0woky.  (1.6.16)

n

The terms like <ELZ;I, by l;n) are factorized like 0,0y, with the assumption that
<ng) by) is population and it quickly loses coherence with other terms.

1.6.4.2 zz factorization model

Alternative is to factorize all terms higher than 3rd order in terms of z and lower
order terms. Compared to the zo factorization scheme the operator order in zz
factorization is preserved. The main difference from zo model is then related
to preserving more of the double coherence terms as these are all split apart in
other models.

b = —2n(1 — n) Kuzu Y (1.6.17)
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0-7%) =27 Z Jvnzvaubn +2n Z Jnub;fzuuv
n n

+ (1 = n) Kyby zvoe — (1 = 0) Ku2p,bo
— 20ty ()i + 20010t (8) Zurs (1.6.18)

= =203 Junzuuwbn — 20> JonZzourbn
n n
- 77(277 - 3)(77 - 1)5U7JK7JZ’U7J’Ub’U
+ (1 = ) Kypzopobu + (1 — 1) Ky Zuuubo
- 277#; (t)zmw - 277:“17 (t)zvvu
+ 47725uv Z JonZvvwbn + 477251“,,[1,; (t)zvvva (1.6.19)
n

5 * *
Z](gu)fu =2n Z InkZp gk Yuv — 21 Z Jun 2y Yon
n n
— 2772 Jvnzlzm;yun - (1 - n)KkZZkkyUU
n
= 20ty (£) 0% 2uue — 204y, (8)b2vuw

(1 - 77) (szljvv + Kuz;;uu) Yuv
+ 47725uv Z Jvnzlt;yvyvn + 47725uv,u; (t)bzzvvv

n
- 77(27’ - 3)(7] - 1)5uvaZ]:m;yvv- (1.6.20)
1.6.4.3 zn factorization

Noting the “natural” structure that come from commutation relation g, =
(1 — 2n6yy), and prioritizing to keep the o, and preserve the order of oper-

which should give similar results to zz scheme:

bqa‘r)) = —zn(l_n)Kubzguuyuw (1.6.21)

38



g

(4) —

uv

(5)
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n n
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— 204y (8) Zovw — 20ty (t) Zuwo

+ 4776w > JonGouon + 40 Suntty () 2o,

n

= - 277 Z Jvnbzgvvyun - znjunbzauuyvn

n

+ 277 Z Jnkb;kzo-k:kyuv + 277!@ (t)o-kkyuv

n
= 20ty () brovwbu — 201y, (8)0f0uuby
+ 477251“) Z Jvnbzavvyvn + 47]257“,,[1,,; (t)bZwaq}

+ (1 - n)bz (Kvavv + Kyoyu — Kkakk) Yuv
- (1 - 7))77(3 - 277)6uvabZO'vvyvv-

1.7 Optical spectra

1.7.1 Absorption and pump-probe spectra

in the dipole approximation are given by:

P(t) = pmbm(t) + c.c.
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(1.6.22)

(1.6.23)

(1.6.24)

Induced polarization in a material can be used to define spectroscopic quanti-
ties. Using expectation values, P = (P), the induced polarization dynamics

(1.7.1)

All spectroscopic observables can be computed from the induced polariza-
tion. Absorption spectra are computed by calculating the Fourier transform
of the induced polarization after action by the ultrashort optical field E(t) =



oexp(—(At)?/2), centered at zero time with the Gaussian envelope!2:

+oo
Sa(w) = Im / dt exp(iwt) P(2). (1.7.2)

—00

Vectorial properties of the field here are neglected as the J aggregate is assumed
to have the geometry where all oscillators are aligned in one dimension.

Such calculated absorption spectrum does have excitation intensity depen-
dence since the equations are non-linear. The intensity dependence disappears
at low intensity, where equations can be linearized. In the linear regime we are
left with a single variable in the exciton basis and the single equation:

.dbq
i

= Jubg + 1o — iRlb,. 1.7.3
dt J +:U’a ,LR(Z ( )

The solution b, (t) = b,(0) exp(—iJ t — RVt), yields Lorentzian lineshapes
for all excitonic transitions.

Pump-probe spectroscopic signal (PP) can be calculated by numerically
propagating the set of equations. The simulation (and experiment) involves
two optical pulses: pump and probe. The pump pulse initiates the quantum dy-
namics by exciting all NEE variables. Later probe pulse performs the detection
process. Three different sets of induced polarizations has to be computed for
the following cases: when both pump and probe pulses are on (P, (t)), when
only pump pulse is on (F,,(t)) and when only probe pulse is on (P, (t)) in
order to extract the differential transient signal:

Spp(w) zjm/dt exp(iwt) (Ppp(t)

—Ppu(t) — Pyr(t)) 1.7.4)

NEE equations can be solved either in real space (site) basis or in exciton basis.

1.7.2 2DES and Phase cycling

Two-dimensional electronic spectroscopy (2DES) allows to visualize excita-
tion dynamics and correlations in chromophoric aggregates' 4. Various types
of two-dimensional spectroscopy *2{ have proven to be an outstanding utility
for determining material quantum properties with time and frequency resolu-
tions not limited by Heisenberg inequality. The chronologically ordered three
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ty t t3

Figure 1.7.1: Diagram of pulses for generating 2DES signal

excitation pulses (characterized by wave vectors K, K5, K3) induce nonlin-
ear response at least third order in the incoming field. The induced nonlinear
polarization at a signal wave vector +K; F K5 + K3 is then detected by a
heterodyne detection (by applying an additional pulse for detection timing) as
a function of time delays between the neighboring pulses, (1, t2, t3) (shown
in figure [I.7.1)), the extra time point is the detection time which we can treat as
detection pulse. Two Fourier transformations, with respect to the two ¢; and
ts delays between pulses, project the signal onto two frequencies (w1, w3) in
two dimensions and reveals exciton evolution, which becomes a function of
the so-called t5 waiting or delay time, which follows exciton populations and
intraband coherences.

At a strict perturbative limit explicit disentanglement of the signal becomes
possible which has gained the notion “density matrix tomography” 103152 Ag
already mentioned, the external field intensity can be used to magnify the re-
sponse and to reveal weak resonances.

The situation changes for large intensities when (/I; . E) - At — 1, where
At is the time interval during which the field is on. In this case the first order
(+K;), the third order (K; + K; — K;), the fifth order (K; + 2K; — 2K;), and
higher processes are comparable and contribute in the same phase matching di-
rection, i.e. during the pulse action the multi-photon absorption and emission
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processes take place, which overlap. Recently it has been shown?3-54

how spe-
cific order signals can be extracted from pump-probe measurements with their
proposed variant of phase cycling.

If we compare to pump-probe, in that case we have ¢t; = 0. The addition
of extra pulse compared to pump-probe allows more precise tuning of initial
state of system. By allowing ¢;to vary and applying Fourier transform over
together with £3, we acquire a “map” of dynamics. This “map” shows shows if
we apply specific input frequency what specific output signal is acquired and
through control of {5 how this response evolves over time. Also it should be
noted that in usual pump-probe spectroscopy case + K1 F Ko+ K3 components
are not separated. These components allow of to observe specific processes.
For example as was mentioned before 2D signal at £2K; F 2K5 + K3 which
comes at distinct spectral window has been shown to specifically excite the
double-exciton energy band and detect features related to EEA24.

For more complicated nonlinear signals, it is necessary to extract the specific
phase matching wave vector contributions®. The Traditional approach is re-
lated to the so-called order-by-order expansion of the signal 13. However, due to
the power-law dependence of exciton populations (due to EEA), the expansion
by orders in regard to the external field is not efficient. It is more convenient
to make numerical integration of the equations and then perform the extraction
of various phase matching components by phase cycling®4. In a non-collinear
experiment, where each optical pulse has a specific wave vector, a specific
signal part can be measured in certain directions defined by wave vector su-
perpositions. Rephasing —K) + Ky + K3 and non-rephasing K — Ky + Ks
configurations are used in 2DES. If all pulses are collinear, then phase cy-

Clil’lg 56,113,57

is the most efficient approach to separate different phase matching
components of the signal. We can extract the signal of interest by calculating
superpositions of polarizations corresponding to various phases of individual
pulses. This corresponds to the Fourier transformation according to these phase
changes. We then obtain decomposed signals corresponding to distinct wave
vector configurations.

The excitation optical electric field that interacts with the medium in 2DES
experiment (we also drop the vector signs because they are collinear and par-

allel in this case) at time ¢ can be written as:

3
E(t,r) =&t —to,T). (1.7.5)
=1

42



Here
El(t, T) = El(t — tOl) COS(wl(t — tOl) — Kﬂ‘) (1.7.6)

is the full field of [—th pulse. Next, we denote A; = K;r as the phases of
pulses, then ¢; = ty41) — tor as the delays between pulses. Due to chrono-
logical pulse ordering, the time delays are always positive {; > 0. Delay t3
corresponds to the time elapsed after the third excitation pulse, i.e., t3 = t,
when tg3 = 0, for convenience. The induced polarization is then obtained as
the function of these parameters, P(t) — P(ts,t2,t1, A1, Ao, As). The po-
larization is detected as a function of ¢5. For the phase cycling, the phases form
the lattice

P
A =T, (1.7.7)

m;

(where n = 0,..,m — 1) is the phase shift of the i—th pulse. The five-
dimensional Fourier transform is then applied: P(t1,t2,t3, A1, Ao, Ag) —
P(wr,ta,ws, k1, ko, k3). An integer m; is determined to be the highest value
of the wavevector m; K; we are interested. The sampling rate must be at least
double of the spatial frequency, which we want to extract in accord with the
Nyquist—Shannon sampling theorem®®. This needs to be done for each pulse,
therefore we need to consider (2m; + 1) - (2ma2 + 1) - (2m3 + 1) samples
(while many of them are conjugate to each other). In case of rephasing (or
non-rephasing) four-wave mixing signal the wavevector configuration corre-
sponds to —Ifl + 132 + 133 (or Ifl — 152 + 153), s0 33 = 27 components are
necessary to compute.

We additionally studied the six-wave mixing configurations of the form
2K 1+ 2]52 + K'g In the collinear conﬁguratlon the signal also appears
at the same signal beam as -K 1+ K. 2+ K 3. To extract this component one
needs 5 x 5 x 3 = 75 phase cycling configurations.

While this approach requires a lot of similar calculations, on the positive side,
we obtain all other wave vector combinations, up to the limit imposed by the
sampling number, because of the properties of the Fourier transformation. So,
by calculating —2K1 +2Ko+ K3 signal, we also at the same time obtain other
contributions: —Ifl + ]’—(_:2 + Kg, Ifl — 152 + Kg, as well as 2]31 — 2[52 + 153.

1.8 NEE description in Exciton basis

Changing the problem to exciton representation leads to computational stability
as the exciton basis considers specific resonances and symmetries of aggregate
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and reduces oscillating terms. For example, population o, terms do not have
any oscillations. Further on 5th order terms and terms that involve 3 excitations
are dropped, for example terms like l;jl Bbéci)d. Fourth order terms like IAJZIA)ZZA)CZA)d
are factorized into oo in real space by keeping the population intact and then
the result is transformed into the exciton basis.

The transformation is carried out by transforming each operator one by one,

for example for z variable is transformed 245 = Y | Ou,a0 0w,cZuvw and

U,U,W
inverse relation is Zypw = Y, p . Ou,abv,p0w,cZabe, Where 0y, ¢ is the transforma-
tion coefficient between u molecular excitation and e exciton. Transformation

coefficients are calculated from eigenvalue problem:

Z Jmnen,a = Jaem,av (181)

where J, is the a-th exciton energy. Using this approach, all terms are trans-
formed into exciton basis and take operator expectation values as follows:
ba = (ba), Tap = (b50b), yab = (babs), zave = (Bhbybe). With this the follow-
ing equations describe coherent dynamics of excitons (we show transformed
equations for Eqs.[.4.10-1.4.13, because there are what we used in the specific
study?32):

.dbg

IE =+ Jaba - 2(277']6! - (1 - 77)[()Aabcalzbcd

bed

+ [ (t) —2n Z Aabcdﬂl: (t)acd (1.8.2)
bed

idgab
dt

=+ (Jp — Ja)oab

- 2(277‘]6 - (1 - 77)[()Abcdeo'aeadc

cde

+ 2(277']0 - (1 - n)K)AacdeUceUdb

cde

+ Mb_ (t)l;:rz - 277 Z Abcdeﬂg (t) (Zade)*

cde

- /'62_1 (t)[;b + 277 Z Aacdeﬂj (t)zdeb (183)

cde
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idyab _

+ (Jo + Ja)yab — Y _(2nJe — (1 = 1) K) Aubeayea

dt —
+ 1y (tba + pig ()b — 20> Aapeapt ()b
cd
—20)  Aacdetty (t)Zdeb — 20> Mpedetty (£)Zdac
cde cde
42 YA e () zacs (1.8.4)
cdef
idf;fc =+ (Je+ Ty — Ja)Zabe — %j(mfd — (1 = 0)E)Apedezacd
+ g (D)o + pty (1)0ac — 20> Apedefig ()0ac
de
— g (1) e (1.8.5)

Here A is the overlap between 4 exciton wavefunctions Agpeq =
> w Ou,abub0u,cOu s A©) g overlap between 6 wavefunctions A((l?))cdef =
Y w Ou,alub0u,c0u,d0u,0u,f and Kopeq = 3, Kubu,aOupOu,cOu.d-

Then pf = Y, Ouapt is dipolar transition moment in exciton basis. For
the case K, = K then K p.q = KAuped-

While the system interacts with the bath, this interaction is weak. At ze-
roth order to this interaction the system is perfectly coherent. Adding linear

relaxation and EEA leads to the following final set of equations in eigenstate

basis:
i — coherent — Rbu — i S Tupeazies (1.8.6)
dt a,a )
bed
idaab = + coherent — Z R\ Oed
dt ab,cd
cd
K
_ 150 Zd: (T acdeTcateb + ThedeTeaTac) » (1.8.7)
cae
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dyab

TRl + coherent — Z R(%?C JYed

cd

i

. Ko
B 1? Z (FaCdBUcdyeb + Fbcdeacdyae) ) (1.8.8)

cde

d
1 jlibc = + coherent — Z RC(;,)C defrdef
def
K
B 1?0 > (Cadesoaczsoe + LodesOdease + TedesOaezaby)
def
(1.8.9)
here
Tabed = D D Oualrpbn cbua(65 ™ + dnu). (1.8.10)
U n

The bath-induced relaxation tensors” R((lb), Rf;(): & szi)cd of are defined in sec-
tion [[.3. This is the most complete numerically efficient NEE model. We
denote this model by the label “Ex”.

The model can be slightly reduced by assuming a simpler relaxation tensor
for the z variable. By taking RC(;))C dof = Oaddbedas (Rt(lb)* + Rl(,b) + Rgb)) a
model with simple relaxation model is obtained, which We denote by “Ex-R”.

1.8.1 Overdamped model

Additional approximation can be implemented by assuming a fast decay of in-
traband coherences. The coherences can then be crossed out from equations.
Considering specific experiments (e.g., pump-probe measurement), the model
implies that the delay times between optical pulses are longer than the decay
times of molecular coherences. With this assumption we drop y variables,
Oab, @ # b coherences and z,p., @ # b intra-band coherences. So, for re-
laxation terms only secular population-related forms are considered. The full
set of equations then take the form:
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db, _ .
i—* =+ ptg () + (Jo — iRP))b,
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be
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—2n Z Aabccub (t)o'cc - 1§k0 Z L abbcobpbe, (1.8.11)
be be

.dogq

_ B . (o)
1 @ - + Ly (t)bl - McT (t)ba — lzb: Raaybbabb

- 277 Z Aaabc(:uc_ (t)(zaab)* - ,LL;’— (t)zaab)
be
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be
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b

— iko Zfabbaabbaaa, (1.8.12)
b

.dzgab o

dt

+ (Jy = iRE), ap)2aab + Hy Taa(L + dap)

—2n Z(Ja +Je— 5acJa)Aaabczaac
c
+ 2(2 - 5bc)(1 - n)KAaachaac - Z 27]Aabcalu'c_o-aa
c c
) o1
- 1IfO zc: Faccao—cczaab(l - 5ab) - 1k0§ zc: Faccba—cczbba

1
— 1]{305 Zd: I‘bccdgcczaaal(l + 6ab)- (1.8.13)
c

Here we assumed the same anharmonicity for all chromophores, K,, = K. This

overdamped model is denoted by OD. Like with the Ex model, we will also

use OD-R, where relaxation of the z variable is simplified accordingly. Notice

that the model differences are mostly related to multi-excitonic properties. The

linear response of all models would be the same.
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1.9 Theory summary

At low excitation conditions the multi-chromophore systems are relatively sim-
ple for modeling. The single exciton band of states can usually be calculated
explicitly by either analytic or numerical Hamiltonian diagonalization. Higher
resonances, available from the third order spectroscopy can be done also analyt-
ically for simple J aggregates or numerically by using e.g., the exciton-exciton
scattering approach (within the NEE), or by brute force numerical diagonaliza-
tion %13,

Modeling the highly excited resonances of nonlinear systems becomes ex-
tremely challenging, as the order-by-order expansion as well as a rotating-
wave-approximation does not always hold at all. This is especially true for
the EEA process®$27:61:54.52 Notice for example that if the excited state popu-

lation follows equation (« # 1)

dn o
— = 1.9.1
7 yn®, (1.9.1)
what is the case for EEA, where n is the exciton concentration, v - the EEA
parameter, the solution
1
n(t) = (1.9.2)

1
Em—

0

at long times is a power law function, which cannot be expanded in efficiently
converging exponential series. For o > 1 (in this work we define EEA as
« = 2; the parameter is not restricted to integer values) we find that the solution
has strong tail that decays much slower than the exponential function, and only
at infinite time it fully decays. In this case only the numerical solution of the
equations, describing the process, can be used to calculate the observables®’.

The flexibility of NEE combined with various approximations leads to gen-
eration of many models that are suited to modeling different problems.

We have models separated by the basis they are set in (site basis or ex-
citon basis). Another separation is the treatment of higher order dephasing
and relaxation terms; the equations are numerically unstable with higher order
terms in paulionic case because the relaxation derivation neglects the bosonic-
ity/paulionicity of system.

Another split which can appear redundant at first is site and exciton basis.
Ideally the change of basis should not change calculation results. But it allows
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various kinds of approximations to be applied and have different numerical
stability as excitons are system Hamiltonian eigenstates. The fact that EEA is
defined in site basis and dephasing and relaxation in exciton basis, we get no
numerical scaling benefit from basis change.

An overview of select models is given in tables [1.9.1], [[.9.2 and [1.9.3.
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Table 1.9.1: Models of NEE factorization

Model \

Main idea \

Properties

Complete factorization

Factorize everything to

the smallest block
possible.

nonlinear oscillators
and still includes some

Computationally the

scale as 2th power to

Describes coupled

anharmonicities.

cheapest.
Computational cost

molecule number.

Restricted coherent
state
factorization(coh)

If the system remains

coherent, the
wavefunction
description is
completely valid and
daggered and
non-daggered
operators evolve
independently .

Appears to somewhat
replicate higher order

similar to higher order

factorization results,
but ESA sideband
much weaker. and
shifted more. With
EEA terms is more

factorization.
Computational cost
scale as 4th power to
molecule number.

Direct factorization(s)

Retaining ¢ and using
gy = (1 — 2n6,) as
hint for factorization.

Retaining 6 means
retaining
population-induced
effects, which last
longer than
coherences.

Results are strange and

behave completely
different from other
models. No ESA
sideband and main
peak strongly shift
from excitation
intensity.
Computational cost
scale as 4th power to
molecule number.
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Table 1.9.2: 5th order models of NEE factorization

Model

|

Main idea

|

Properties

|

Fifth order zo

Preserve third order
with factorizing higher
order term into
population terms
without preserving
operator order.

Higher cost because of
z relaxation terms
required.

ESA sideband strongly
shifts from excitation
intensity.
Computational cost
scale as 6th(4th with
simplified relaxation
for z) power to
molecule number.

Fifth order 2z

Preserve third order
with keeping
factorization blocks as
big as possible.
Preserve more double
coherence terms.

Higher cost because of
z relaxation terms
required.
Shows some erratic
behavior with negative
signal appearing in
nonlinear absorption.
Computational cost
scale as 6th(4th with
simplified relaxation
for z) power to
molecule number.

Fifth order zn

Preserve third order
while and preserve
operator order while
factorizing with
preference to
populations by noting
the structure that arises
when deriving NEE
using
gy = (1 — 2n6y,) as
hint for factorization

Higher cost because of
z relaxation terms
required.
Appears to give best
results. Computational
cost scale as 6th(4th
with simplified
relaxation for z) power
to molecule number.
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Table 1.9.3: Exciton basis models of NEE

Model

|

Main idea

Properties

Exciton basis(Ex)

Exciton basis allows
additional
approximations and
should be numerically
more stable

Better numerical
stability, less
oscillating terms in
exciton basis and
coherences decay. If
EEA neglected then
equations are cheaper
to compute in exciton
basis. Allows extra
simplification by
neglecting dark states
and only modeling
bright excitons.
Computational cost
scale as 6th power to
molecule number.

Exciton basis
overdamped(OD)

In exciton basis
coherences should be
short lived, by
dropping most of them
computational
complexity can be
significantly reduced

ESA is more shifted
compared to normal
exciton basis model.
Computational cost
scale as 4th power to
molecule number.
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2 RESULTS

Continuing the work from?”, where we extended the Nonlinear Exciton equa-
tions®%#¢ (NEE) with EEA terms and showed that numerical NEE-based simu-
lations of pump probe spectra of a molecular dimer quantitatively describe both
coherent and incoherent processes as a function of excitation intensity. The nat-
ural progression of study is application of these equations to spectra calculation
of larger molecular systems and calculation of higher order nonlinear spectra.
In addition, there is room for improvement with generalizing the equations for
both paulions and bosons with a parameter that allows smooth transition from
one description to another. This is valuable as intermediate statistics of molec-
ular electronic excitations do not strictly obey either boson or paulion statistics.
In exciton basis we describe four different NEE realizations which allow very
efficient calculations of the signals.

2.1 Evaluating the effect of different factorization models on nonlinear
absorption

In the following we apply various factorization schemes for linear molecular
aggregate of seven molecules. Study is made over several excitation intensity
values, thus revealing nonlinear effects in absorption spectrum too. This way
the effect of factorizing higher order terms can be seen.

2.1.1 System parameters and model

Various levels of theory will be tested on the model system, which is a linear
J aggregate of seven chromophores. This is the simple linear chain of chro-
mophores, which shows superradiant absorption, which is red shifted from the
independent chromophore®. Parameters of the model are taken from typical

tubular J aggregates23-53

. The nearest-neighbor resonant coupling Jun+1 =
Jni1n = —800 cm~! and ends are connected with periodic boundary condi-
tions. Periodic conditions represent the infinitely long linear aggregate. Addi-
tionally, the diagonal Gaussian energy disorder with variance o = 100 cm™! is

included to perturb the ideal symmetry of the aggregate. The excitation energy
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mean value .J,,,, of all sites is set at 18000 cm ™. On-site energy anharmonicity
(only needed when 7 # 1) is taken K,,,, = +1000 cm™'. For the quantum par-
ticle statistics, 3 different cases as considered: bosons 1 = 0, paulions n = 1
and the intermediate regime, n = 0.5.

For system-phonon interaction the Drude spectral density is used:

wA

C"w) = 2)\7w2 A

(2.1.1)
with A = 20cm™" and A = 50 cm™!. System temperature is set at 7 = 300 K.
Annihilation parameter is set to kg = 1000 cm™~!, with direct conversion 7 =
1/kp ~ 5.27fs, note that annihilation does not follow exponential decay, and
actual rate of decay is a function of the population itself.

As we include EEA terms, optical excitation field intensity becomes an im-
portant parameter. The optical field envelope is defined as E(t) = AEy(t), A
is the amplitude and Ej(¢) is the normalized envelope function

2
Ey(t) = 5\/1% exp (—222> , (2.1.2)

2v2

s = . (2.1.3)
AUJFWHM \/ 11’1(2)
The molecule transition dipole moments are taken such that
Ao
E="=, 2.14
L 7 (2.1.4)

where Ap is the excitation with external optical field scaling constant. The
factor of /7 is included by keeping in mind that when transforming such a
system into the exciton basis, the lowest exciton has a transition dipole moment
scaled as /N where NN is the number of molecules in such a system. This way
allows to relate Ap to population in lowest energy exciton approximately as
o ~ A3 ignoring any saturation effects.

2.1.2 Nonliear absorption spectra

First, we present results without EEA. Starting with the 3 simplest models: re-
stricted coherent state factorization model (Egs [1.6.4, [1.6.9) marked as coh, di-
rect factorization model (Egs [1.6.6, [1.6.7, |L.6.8) marked as s and 3rd order pure
unfactorized model (Eqs [L.6.9, [1.6.10}, [1.6.11], [1.6.12) marked as 23, we present
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comparison of these models with no EEA in figure R.1.1. Here we show in-
tensity dependent absorption spectra. Wildly different behavior between these
models is seen when the field intensity is increased. For a coh model, a second
peak appears and grows with the field intensity. This peak can be associated
with induced excited state absorption (ESA) appearing from the already ex-
cited main exciton band into the higher levels. This ESA peak grows weakly
compared to other models, as coherences are short lived so higher order terms
are more suppressed with this factorization. In contrast the s model, which
preserves populations, shows no extra peak, only the whole main absorption
line shifts to higher energy. In addition, a change in lineshape is visible, the
peak appears to be “tilted” to the blue, the blue side gets steeper with intensity
while the red side gets shallower. The 3rd order model z3 has similar behavior
as coh model except the side peak is much narrower, so has much larger am-
plitude. Notably the excitation intensity effects are much more pronounced for
paulions, which is a much more complicated nonlinear system.

Next, the models, where factorization is performed at 4th order terms (the
terms higher than 3rd order are factorized) are compared; the models are labeled
as zo4, which corresponds to Eqs. [1.6.14], [1.6.13, 224 corresponds to Egs.
1.6.18, [1.6.19, and zn4 corresponds to Eqgs. [1.6.22, [1.6.23, where these terms

are added to 23 terms. Intensity dependent spectra of these models are shown
in figure 2.1.2. What we find is that all three models show similar behavior
as the z3 model, consequently, the contribution from factorization at 4th order
terms is small. Main reason for this is likely because the 4th order does not
“directly” contribute to polarization, where the 3rd order is dominating i.e., z
in b and 5th order inside z. Even order terms appear mostly responsible for
scaling of the transition dipole moment, which is again a small contribution.
The factorization can be performed at 5th order contributions. We mark
3 distinct factorization schemes for 5th order contribution: zod model (Egs.
[1.6.13, [1.6.16), zz5 model (Egs. [.6.17, [1.6.20)), and zn5 model (Egs. [L.6.21],
[1.6.24). Wildly differing behavior between spectra with factorization schemes
is visible (figure P.1.3), however, the common feature is again related to ap-
pearance of a separate ESA peak, which grows with increasing field intensity.
In the present case the ESA amplitude is again much weaker than in Fig. 2.1.2.
It can be observed that some features of low order factorization models reappear
in these models: for the zo5 model, which is the population favoring model,
also the ESA peak shifts to higher energy when field intensity increases, par-
tially mirroring the s model where the whole absorption was shifted. The zz5
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Absorption of J aggregate for different factorization models (coh,
s and 23) at different excitation optical field intensity values,
without EEA. Vertical axis represents optical density, horizon-
tal - frequency, legend shows intensity units.
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Figure 2.1.2: Absorption of J aggregate for different factorization models (z
with 4th order factorized terms models) at different excitation op-
tical field intensity values, without EEA. Vertical axis represents
optical density, horizontal - frequency, legend shows intensity
units.
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model shows more strange behavior. It is the only case where negative value
regions appear in spectra. These features should be interpreted as the induced
emission contribution. The znd model appears most consistent as it shows
similar behavior to zo4, zz4, zn4 and z3 models.

Next, we look at the same models with the EEA process included. Looking
at the simpler models first (fig. R.1.4) we see that EEA leads to excessive
broadening of ESA features. Still, the s model is the only model which shows
shift of the whole absorption band with field intensity. Additional small dip for
high excitation intensities on the red side for the paulion case implies presence
of induced emission as in the 225 model in Fig. R.1.3. ESA in the coherent
model has significantly lower ESA intensity. The absorption spectra for model
z3 with EEA terms are broadened, with a significant shoulder reflecting ESA.

4th order factorized models (figure R.1.3) are similarly affected by EEA,
mimicking z3 model. Surprisingly, the differences between different factor-
izations become very small.

With EEA, the 5th order models (figure 2.1.6) again differ much less between
themselves and between the 4th order models. Apparently, the large broadening
induced by EEA hides differences between the 4th and 5th order factorization
models.

2.1.3 Discussion

Various factorizations of NEE equations are associated with different models
of optical response, enhancing specific phenomena. High order terms (which
were factorized) are coming from specific types of nonlinearities in the system.
The research’s target is to identify specific important phenomena and then to
associate them with specific variables, so that specific processes can be pointed
out when analyzing corresponding experiments.

First of all, it should be noted that at low intensities all models yield the same
absorption spectra. (even independent of n value). This is shown in figure
R.1.7, where all the absorptions overlap, with negligible differences that come
from the finite static disorder averaging.

This can be also observed from the equations, where in all models dropping
out nonlinear terms (vanishing at low intensity) leads to a simple linear model
defined by a single equation:

.dby,

it = Junbn + iy (1) + iRWb,,. (2.1.5)
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Figure 2.1.3: Absorption of J aggregate for different factorization models (z
with 5th order factorized terms models) at different excitation op-
tical field intensity values, without EEA. Vertical axis represents
optical density, horizontal - frequency, legend shows intensity
units.

59



i . L ! L . . ! | | . . ! !
16000 16250 16500 16750 17000 16000 16250 16500 16750 17000 16000 16250 16500 16750 17000
L:.J,(:rrf1 w,crn’1 w,cm’1

Figure 2.1.4: Absorption of J aggregate for different factorization models (coh,
s, z3) at different excitation optical field intensity values, with
EEA. Vertical axis represents optical density, horizontal - fre-

quency, legend shows intensity units.
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Figure 2.1.5: Absorption of J aggregate for different factorization models (z
with 4th order factorized terms models) at different excitation op-
tical field intensity values, with EEA. Vertical axis represents op-

tical density, horizontal - frequency, legend shows intensity units.

61



OD, a.u.

OD, a.u.

OD, a.u.

L L L
16000 16500 17000
1

L L L
16000 16500 17000

L L L
16000 16500 17000
1 w,cm™

w,cni’l w,cm”

Figure 2.1.6: Absorption of J aggregate for different factorization models (z
with 5th order factorized terms models) at different excitation op-
tical field intensity values, with EEA. Vertical axis represents op-

tical density, horizontal - frequency, legend shows intensity units.
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Figure 2.1.7: The absorption of all models presented for both no and with anni-
hilation at low intensity. Vertical axis represents optical density,
horizontal - frequency.

This equation is equivalent to the linear response theory. Polarization becomes
directly related to I;(t) time dependence, which can be solved analytically in
exciton eigenstate representation. The solution then yields the single excitonic
Lorentzian peak, as seen in Fig. R.1.7.

At higher field intensity nonlinear terms become contributing. We see that
most nonlinear nontrivial contributions come from odd order terms. Polariza-
tion is directly related to b(¢) which relates to bTbb which relates to bTbTbbb
which relates to 7th order similar terms, and this continues ad infinitum. In
this case, the equations are limited to third and fifth order operator configura-
tions as we assume that the EEA does not allow the creation of high excitation
levels. We find that going from 3rd to 4th order the change is minimal (only in-
tensity is affected). But going to 5th order other changes appear: ESA intensity
drops to 1/3 of its intensity in third and fourth order cases.

Small but significant differences between different types of factorizations
can be seen. In cases which favor populations in factorization and disregard
operator order, the ESA peak position becomes dependent on excitation in-
tensity, while when applying more rigid factorization with preserving operator
order, the ESA peak position is stable over excitation intensities.

Curiously, when factorizing in bigger blocks (factorizing with third order
terms instead of second order) some instability and even negative amplitudes
in “absorption” spectra are seen. These negative features are related to the type
of signal we consider. Note that in general we analyze the Fourier transforma-
tion of polarization decay after short excitation. As a result, both the induced
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absorption and stimulated emission must be considered. The emission leads to
negative features. Different spectra could be obtained by simulating high inten-
sity CW measurement. In that case at strong excitation intensities, additional
peak shifts coming from polaritonic effects should be observed.

2.2 Application of NEE for large molecular aggregates

In this study we test the application of NEE for large molecular aggregates, by
looking at the resultant pump-probe spectra. What constitutes “Large” in this
context is what is computational feasible to calculate in reasonable amount of
time at specific level of approximation. The main approximation in this part is
simulator only part of the molecular system by noting that J aggregates have
only one bright (non-zero transition dipole) exciton and it is the lowest energy
exciton. This means that this bright part is most important in resultant spectra.
But other effects such energy transfer have indirect effects too, therefore limit-
ing the entire system to 1 exciton from, for example, 50 molecules can lead to
nonphysical results.

Another way to decrease computational complexity is dropping terms by
reasoning that coherence-like terms should decay fast and populations should
survive longer timescales, a type of overdamped model (OD).

Distinct levels of theory, corresponding to different sets of equations will be
compared. These include Ex, Ex-R, OD, OD-R.

2.2.1 System parameters and model

Parameters for the system are taken typical of the cyanine dye aggregates2>53,

A linear chain of seven (M = 7) chromophores is taken with the nearest-
neighbor resonant coupling J,,,+1 = —800 cm~!, and diagonal Gaussian site
energy disorder of ¢ = 100 cm™!. The disorder-averaging includes 800 differ-
ent runs, what is sufficient for convergence over the ensemble. The excitation
energies J,,,, of all sites is set to 18000 cm~!. On-site anharmonicity parameter
K,n, = +1000 cm~'. For the statistics we include 3 different cases: bosons
n = 0, paulions n = 1 and an intermediate regime, n = 0.5.

The optical field envelope is defined as E;(t) = A;Ey(t), A; is the amplitude
and Ey(t) is normalized Gaussian:

—), 2.2.1)



2v2

§ = . 2.2.2)
AWFWHM \/ 111(2)
The carrying frequency is set to lowest energy exciton w; = 16400 cm~! and

the pulse width of all pulses is set to Awpyw ar = 3000 cm™!.

The energy absorbed by the aggregate depends on the number of chro-
mophores. We want to keep excitation conditions the same between different
size aggregates. The excitation electric field energy is proportional to | E|?.
However, the ideal J aggregate shows superradiance, where the lowest energy
exciton has a transition dipole proportional to the number of molecules. The
absorbed energy, which is proportional to | F|? then scales as N2. The ab-
sorbed energy per molecule then scales as N2 E2/N = N E2. Then by keeping
this number constant we must ensure E2 ~ N~ or E ~ N -1/2,

Therefore, we set transition dipole moment as fi,, = 10, With poAprope =

001 and HoApump = 0—\/'%. That means for the same excitation parameter

\;V/CN have the same conditions for J aggregates made of different number of
molecules.

For the site energy fluctuations, we use a Drude spectral density (Eq. R.1.1]),
with A = 20 cm~! and A = 50 cm™!. System temperature, which affects only
the relaxation rates, is set at 7' = 300 K. Regarding the interband EEA a single
decay parameter characterizes the process kg = 1000 cm™'. Notice that this
rate-dimension parameter does not correspond to the inverse annihilation time,

as the EEA process is non-exponential (see Discussion section).

2.2.2 Full model comparison

First, we compare the absorption spectrum, shown in figure 2.2.1], calculated
using Ex, Ex-R, OD, and OD-R models using intensity of the probe pulse
(N = 7). The estimated exciton occupation oy, ~ 104, so excitation inten-
sity is low. Calculations include nonlinear contributions coming from exciton
statistics, anharmonicity and EEA. As expected, all models overlap and do not
affect the absorption spectrum. For reference, we additionally show the homo-
geneous spectra without diagonal disorder. This also confirms that in the linear
regime the differences between different models of equations are minor.

The pump-probe spectrum, which originates from at least third order non-
linearities, is designed to reveal variations in absorption induced by the pre-
excitation. The spectrum was calculated for the pump-probe delay time of 1
ps. The pump pulse intensity is 2500 times stronger than for the absorption.
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Figure 2.2.1:
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Absorption spectra for J aggregate of 7 molecules for models Ex,

Ex-R, OD, OD-R, for cases of n = 0, 0.5, 1.0 and with and with-
out EEA for weak excitation conditions. All models are overlap-
ping, so they are not distinguishable and the labels to different
curves are not introduced for clarity. Reference calculation re-
sults for all models without disorder are in teal (the narrow peak).
Vertical axis represents optical density, horizontal - frequency.
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Nonlinear spectrum cuts the linear component from the signal. While differ-
ences in absorption are negligible, the differences in PP spectrum (especially
in excited state absorption region) are significant as shown in Fig. 2.2.2. The
spectrum theoretically consists of three components: bleaching component, ex-
cited state emission and excited state absorption (ESA). Since in J aggregate
the bright excitons are at the bottom of the exciton band, the absorbing and
emitting states are the same, hence the bleaching and the excited state emis-
sion contributions overlap and form the negative band at 16400 cm™'. The
ESA covers the spectrum from 16500 cm™! to 17000 cm™! and depends on
the model.

The negative band for all models is again not sensitive to the calculation
model. This may be obvious for the bleaching component, which is essentially
equal to the inverted absorption spectrum. The excited state emission, is a
nonlinear signal, however, being related to the single-exciton characteristics is
not affected by the choice of the model.

Significant differences to the model appear at the excited state absorption,
which is induced by the third order terms (mainly z and related terms) when
EEA is not included (1-st row). Bosonic (7 = 0) and paulionic (n = 1) models
have slightly shifted position of the ESA peak and as expected, the intermediate
case (n = 0.5) leads to intermediate placement of the ESA peak. Comparing
the OD and Ex approaches, we see that the OD model tends to slightly shift
ESA band more to higher energies. The other trend that can be seen is that
simplified -R relaxation models have wider ESA bands.

When EEA is enabled (Fig. 2-nd row) the PP spectra decays with the
delay time and lineshapes change. The bleach contribution acquires left and
right shoulders, marked in figure by arrows, (same as has been observed for
the dimer in ref.”) and bleach is narrower, the ESA decays more compared to
the bleach contribution.

The ESA position is fully controlled by the model. The Ex model is the
most complete (including various particle correlations and the relaxation) and
corresponds to the most coherent model, what applies to the systems where
the relaxation is weak. Note that some factorizations have been performed,
which also may affect the ESA peak position at high intensity, where triple-
excitations may be expected. EEA brings the excitons down to the single-
exciton level, so highly excited exciton resonances become irrelevant. Conse-
quently, the multiple-exciton variable factorization becomes highly relevant.
The Ex-R model additionally implies fast relaxation of multiple exciton con-
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Figure 2.2.2: Pump-probe spectra for the aggregate of 7 molecules for strong
pump excitation conditions at time delay 1 ps., first row - anni-
hilation parameter kg = 0, second row - kg = 1000 cm~!. Ex
calculation for paulions was performed by including only 5 low-
est exciton states, which is sufficient to fully represent the signal.
Vertical axis represents optical density, horizontal - frequency.
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figurations, leading to extra broadening of ESA. Finally, OD models are for
the systems, experiencing the fast relaxation, when all properties are described
within a single exciton band via incoherent exciton hopping (diffusion). Then
ESA peaks reflect single-exciton resonances. For such systems, the signal in-
formation is preserved by dropping much of coherence terms. Hence, instead
of the full Ex model calculations, which scale as N, the calculation may be
reduced considerably down to V4.

2.2.3 Reduced model

The scaling of the number of equations with the system size is at least N4
for OD model, while it is N for Ex model. This becomes prohibitive for

463 In the earlier subsection the

large systems with thousands of molecules
aggregate of 7 chromophores is a relatively small system for performing full
Ex model calculation. For much larger systems it is impossible to execute
calculations and make comparisons.

For some types of molecular aggregates, the entire system can be described
with just a few exciton states®®. Such are the J aggregates where only a few
lowest energy excitons have non-zero transition dipolar moment. Thus, we can
restrict NEE to only those bright excitons and keep only the relevant variables
describing them. High energy excitons in J aggregates may never be occu-
pied and hence the corresponding variables can be dropped out. This is only
applicable in exciton basis, as excitons are collective oscillations and couple
to each other only via system nonlinearities and/or from relaxation/hopping
which needs to be kept in mind when discarding excitons. As a result, the
above presented calculations may be over-inclusive with the number of signif-
icant variables even smaller.

First, we take the same system of 7 chromophores and show in Figure
how fast the spectrum converges by increasing the included number of excitons
starting from the lowest energy towards higher energies. It turns out that using
only 1 exciton, which is the brightest one, the spectra already show bleach
and ESA features, while the position of ESA is shifted from the full system
of 7 excitons (in Fig. 2.2.2). The bleaching and emission components are not
affected at all. ESA intensities are slightly higher. The largest deviations are for
the Ex model. Increasing the number of excitons quite surprisingly, the spectra
of 3 excitons appear to be converged, so the result can be achieved with a little
computational effort.

Figure shows the convergence of the spectra with EEA included. The
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Figure 2.2.3: Convergence of the pump-probe spectra of 7 sites (at the same
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notes the number of excitons used in calculation.
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conditions as in Fig. 2.2.2) with EEA. Vertical axis represents
optical density, horizontal - frequency. The legend denotes the
number of excitons used in calculation.
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convergence with the number of excitons is essentially also very fast so that the
three excitons are sufficient to include for proper PP spectrum representation.

To understand how this translates to larger systems, next we made calcu-
lations for 15 and for 50 chromophores. The convergence of all theoretical
models is similar. We thus present only the OD-R model (in Fig. 2.2.9). This
model for larger systems produces PP spectra that closely matches higher level
models with small computational cost. Compared to the case of 7 molecules
we may notice more pronounced absolute intensity variation between differ-
ent models at different values of 7. Apart from that the spectra are very fast
converging.

For a system of 50 sites the spectra converge, but this time we cannot cal-
culate the full system of 50 excitons. An interesting point is that with more
molecules ESA position becomes independent on 7 value, likely because of the
entropic factor, where the combination excitations become much more abun-
dant than the overtone-type excitations.

2.2.4 Discussion

NEE are very flexible to contain all necessary nonlinear properties. However,
the number of equations describing various resonances depends on the exci-
tation intensity. As the excitation intensity increases, the relevant number of
variables in coherent conditions exponentially grow up. At the same time the
number of excitations increases, thus the splitting between adjacent resonances
diminishes. Effectively the system turns into a classical nonlinear oscillator
system, which is very effective even for complicated systems, such as carbon
nanotubes®’.

Direct numerical solution of NEE equations leads to additional benefit com-
pared to order by order response function calculations. An arbitrary high order
nonlinearities become directly incorporated and optical pulse overlap are in-
cluded automatically.

Our proposed theoretical models in exciton basis can be used to increase cal-
culation efficiency depending on the system parameters (and on the excitation
regime). Comparing calculations (the timing tests were made on a PC) times
between approximations we take 7 = 0.5 for 7 site aggregate. The full Ex cal-
culation takes - 215 s, Ex-R - 214 s, OD - 4 s, OD-R - 4 s: these are the single
runs for a single configuration of diagonal disorder. The absolute time is irrel-
evant (as different PCs would cause different times), however the computation
time ratio between full Ex model and OD case is close to 7- 7 = 49, hence, the
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Figure 2.2.5: Pump-probe spectra for aggregates of 15 (A—F) and 50 molecules
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overdamped approximation makes calculation 2 orders faster. Essentially, the
overdamped model allows to reduce the computational scaling from N to N4
where N is the number of molecules.

The highly nonlinear properties are mostly affecting the ESA peak (shape
and position) in PP. The same would be the case for more advanced multidi-
mensional spectroscopy techniques. We have shown that changing the model
regimes as well as damping (linear relaxation and NEE) considerably affects
the peak, and these properties can be employed to understand and control the
whole spectrum of the system under consideration.

Truncation of the system depends on the relation between exciton dephasing
and splitting of adjacent exciton states. This is effectively supported by EEA,
which annihilates exciton pairs, thus reducing the need for high resonances.
Accordingly, higher than double exciton resonances are barely created and can
be neglected WhenAEEA is in place. For example the triple excitations (charac-
terized by (b%}, (bLb%}, (b?j b%> , <b,3;Tb;?;> and similar or higher orders) on the
same chromophore become highly unlikely because of EEA, which quenches
such states. So, the excitation “accumulation” on the same chromophore is
disregarded. On flit:ferent chromgphore§ excitations are possible but are in-
dependent. So <bILbﬂb;LbA§;> ~ (bLb;J(bfbA};). In this case higher-than triple
products of operators can be neglected, what allows to close the hierarchy of
equations.

Such truncation is not applicable for systems such as H aggregates. H type
aggregates (in contrast to J type) have bright exciton at the highest energy.
Thus, such systems are excited in a state that is far from steady state, exhibit a
lot of energy transfer effects and coherence effects. While overdamped model
accounts for population transfer, the coherences are neglected. J aggregates
exhibit less change after excitation as the system is already close to the steady
state. The only way the higher energy excitons in J aggregate can be reached is
through thermalization as excitations redistribute from the only bright exciton
to higher energy excitons.

2.3 Application of NEE for calculation of high order 2D spectra

In this part we apply NEE to calculate 3rd and 5th order 2DES (two dimensional
electronic spectroscopy). We limit this analysis to dimer and trimer systems.
To extract highly nonlinear 2D signals we apply the phase cycling method?4.
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2.3.1 System parameters and model

For study of EEA effect on 2DES spectra we use two simple model systems:
a chromophoric dimer and a trimer. Both systems consist of identical chro-
mophores. Their single chromophore excitation energy is taken as a reference
and is placed at 0 cm™'. So, all the spectra are presented with respect to that
value. The resonant coupling, for the dimer, is taken as Jio = —200 cm™ !,
while for the trimer we have a chain with Jj3 = Jo3 = J31 = —200 cm ™!

We calculate both cases of exciton statistics: paulions and bosons. In the case
when particles are boson, we set anharmonicity parameter as K = 500 cm ™!,
For paulions the parameter K is not relevant.

For system-bath interaction we use a Drude spectral density (Eq. PR.1.1)),
where the correlation decay rate A = 50 cm™!, and the reorganization energy
A = 10cm™!, and we take the room temperature conditions, kg7 = 200 cm ™!,
Static disorder was not included to reveal the fine structure of the spectrum.

As we include EEA terms, optical excitation field intensity becomes an im-
portant parameter. The optical field envelope is defined as E;(t) = A;Ey(t),
A; is the amplitude, which can be tuned, and Ey(¢) is the normalized envelope

function
5 1 2
o(t) = xp(—53 ) (2.3.1)

where 7 is the time domain Gaussian standard deviation of the normalized
pulse. The width of all pulses is setto 7 = 6 fs. In 2DES the first 2 pulses set up
the non-equilibrium system and the 3rd pulse reads the system state. Note that

ApEo(t) has dimension of energy cm™!

, we will consider that F(t) carries
dimensional qualities and Ay is then dimensionless. With this and knowing
that f Ey(t)dt = 1, i.e. dimensionless, we can parametrize the amplitude for

the two first pulses as strong excitation Ay = 0—\/'% and for the last (detection)

pulse (weak deexcitation) Ay = 0'—\/%, where NN is number of chromophores;
the factor related to the number of chromophores is required to keep the excita-
tion intensity consistent between dimer and trimer, as both are J type systems,
where only the lowest-energy exciton has non-zero transition dipole moment,
which is v/N 110, where 1 is the single chromophore transition dipole moment.
The transition dipole moment for all molecules is the same 1 = . Note that
the chosen envelope of pulse implies the bandwidth limited pulses.

In this section we used the model described by Eqs. [.4.10-1.4.13, with sim-
pler relaxation terms for z equation. The model used explicitly drops out 3

excitation terms. This was done to simplify the interpretation of 2DES spec-
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tra. The effects of higher order terms on 2DES spectra need to be studied in a
separate study.

2.3.2 K| — Ky + K3 2DES spectra dynamics of a paulionic
chromophoric dimer

A symmetric dimeric J-type paulionic system has two single-excitonic states,
which are separated by energy gap 2.J;2 related to resonance interchromophoric
interaction. In the absence of an environment, the lower-energy state is opti-
cally bright, while the higher-excitonic peak is optically dark. There is also a
single double-exciton state, with energy equal to the sum of the chromophore
excitation energies. The linear absorption spectrum of the dimer would show
a single peak, corresponding to the bright exciton.

Third order nonlinear spectra additionally involve the excited state absorp-
tion, where the double-exciton state becomes involved. The non-rephasing
([3 | — Ko+ K. 3) 2DES spectra for paulionic dimer is presented in Fig. .3.1.
The figure shows K — K+ K 3 2DES spectra for 3 different annihilation val-

!~ no annihilation, 1 cm™!

ues: ko = 0cm™ - small EEA parameter value, and
100 cm™! - large EEA parameter value. Notice that the annihilation parame-
ter values do not explicitly correspond to annihilation times as the annihilation
process is not exponential, thus annihilation time cannot be assigned. For each
case, the 2DES spectra were calculated at multiple ¢ delay times.

The well-known third-order features of the dimer are observed on the left
column at short delay time in Fig. 2.3.1. The low energy diagonal peak (w; =
w3 = —200 cm™!) corresponds to the low energy exciton in the dimer, and the
cross-peaks show coherences in the system. The cross-peak, which is above
the diagonal (a weak peak at w; = —200 cm™!, w3 = 200 cm™') is opposite
from the diagonal peak by sign and shows excited state absorption. The other
potential cross-peak (w; = 200 cm™!, ws = —200 cm™!) is invisible since the
corresponding higher energy exciton (at +200 cm™") is optically dark.

Little change is observed over the delay time ¢5. Since the diagonal peak
corresponds to the lowest energy exciton, there is no significant relaxation hap-
pening; One additional little cross-peak at (w; = 200 cm ™!, w3 = —200 cm™")
becomes visible at long delay time. Its intensity grows because of excitation
thermalization dynamics. Notice that while the higher exciton is dark, the high
intensity of the excitation pulse takes the system away from perturbative exci-
tation regime and excitations are pushed into the dark excited state; later these

relax slowly into the bright state and we obtain slight growth of spectral inten-
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Figure 2.3.1: K1 — Ko+ K3 2DES spectra of J type dimer (J;2 = —200 cm™!)
for paulions at various delay times ¢ and for various EEA param-
eter values. In each subfigure the top left corner has the delay
time, top right the amplitude in relation to top row amplitudes
that are set to 1. At the very top of the figure colorbar is given,
for each subfigure the amplitude of colorbar should be taken as
amplitude (negative and positive) given in the subfigure.
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sities even without EEA terms.

If EEA is turned on (small annihilation parameter value) the peaks decay
over time and peak shapes are broader. No other substantial changes appear,
however, with further increase of the annihilation parameter all cross-peaks be-
come stronger with respect to the diagonal peak at short delay times (t2 = 0.5,
1 ps delay) and decays over longer times are more severe. A striking feature is
that at these delay times the diagonal peak at wy, w3 = +200 cm~! becomes
observable, which was optically dark without annihilation. For very short de-
lay times (2 = 0.01, 0.1 ps) the lineshapes are significantly broader. At long
delay times the lower diagonal peak gets broadened along w; and broadening
in w3 decreases to the same levels as with no annihilation. This is related to
the fact that with the delay time the system returns to lower excited levels (due
to EEA), where lineshapes are smaller. Additionally, for a large EEA param-
eter value the excited state absorption peak gets an extra feature (blue slightly
shifted from the red) which is related to contribution from an additional quan-
tum pathway, where three interactions take place with K5 pulse. This pathway
does not contribute without EEA at a unique position.

2.3.3 2K, — 2K, + K. 3 2DES spectra dynamics of the paulionic
chromophoric dimer

Next, we study the fifth order signal at 2K 1 — 2]32 + K: 3. Annibhilation is a
fifth order process to the optical field therefore it should have more pronounced
effectin 2]51 —2[52 +I€3 2DES signal compared to 131 —Ifg +I€3 signal b71.68.24

However, the excitonic dimer is a highly nonlinear system even without
EEA, so the fifth order signal is generated when x = 0 due to the Pauli ex-
clusion. The result is shown in Fig. on the first column. Comparing
the 2[31 - 2[52 + [(_:3 to I?l — Ifg + [53 signal for a chromophoric dimer we
see the effect of paulionicity: the paulions forbid double excitation on a single
chromophore, so the signal is at (w; = 0 ecm™!, w3 = 4200 cm™!), show-
ing the presence of the double exciton created by 2K excitation. The time
evolution is slow as well. There is the overall peak intensity decay apparently
from a simplified model of Markovian relaxation, which excessively damps z
variable.

When EEA is enabled, we see a few significant changes. Additional peaks
appear along w; = —400 cm~! at w3 = 4200 cm~'. The features along
wi = —400 cm~! can be associated with two-time excitation of the lower-
energy exciton (note that there is neither exciton state at —400 cm~!, nor dou-
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Figure 2.3.2: 2[51 — 2[32 + 153 2DES spectra of J type dimer (J12 =
—200 cm™") for paulions at various delay times ¢, and for various
EEA parameter values. See fig. for markings description.
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ble exciton at this position). These new peaks grow in intensity over the delay
time compared to the peaks along w; = 0. The reason why we have these
features appear can be related to the EEA process taking place during the ex-
citation events. EEA is a local chromophoric process and likely eliminates
exciton-imposed symmetries even during the pulses actions. As a result, the
action of 2K creates the excitons two times resulting in doubling the exci-
tonic coherence. This is a pure feature of the NEE form.

For large EEA everything decays, but at different parameter values. The

features at w; = —400 cm™!

are more intensive while quickly decaying, and
other features are broader in general, but for longer delay times the features
decay and become narrow in ws. The lineshapes are significantly distorted at
long delay times compared to the case without EEA.

For large EEA the peak along w; = +400 cm™! appears; its origin is the
same as the peak along w; = —400 cm~'. However, the peak along w; =
+400 cm~! is additionally related to “opening” of the dark exciton. The EEA,
being the local chromophoric process, destroys excitonic system symmetry and

mends the exciton characteristics by opening the dark transitions.

234 K 1 — K. 2 + K 3 2DES spectra dynamics of the trimer

A paulionic chromophoric dimer is the smallest system, where aggregate fea-
tures are included, however, its double exciton band consists of a single state.
In larger systems the double-exciton band is also a band of states. So next
we check whether the above-mentioned properties are observed for a chro-
mophoric trimer, which in principle has three doubly excited states. Notice
that for our system the structure of the double-exciton band is the same as for
the single-exciton band: one state is at —400 cm™! and two degenerate states
are at +200 cm~'. The K; — K» + K3 2DES non-rephasing spectra of the
paulionic trimer is shown in figure 2.3.3. Only the lowest energy exciton is
bright. In the 2DES spectrum for ko = 0 we see the single diagonal peak and
excited state absorption at w3 = 0 cm~!, that show coherence between the
chromophores. At long t, delay a cross-peak at w; = 0 cm™'is induced in the
same way as for the dimer. Decay of peaks is turned on by switching on the
EEA. With a larger annihilation parameter, the decay intensifies (especially of
the diagonal peak) and cross-peaks become more resolvable. Like the dimer
case, the features which were forbidden without EEA are magnified by EEA
again via breaking of excitonic symmetries.
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80



2.3.5 2K 1— 2[52 + Kg 2DES spectra dynamics of a trimer

2K 1— 2]52 + K 3 2DES spectra for the trimer is shown in figure 2.3.4. The
effects in general mirror the features which were observed for the dimer. For
the no-annihilation case, the features are along w; = —400 cm !, which cor-
responds to the lowest energy double exciton creation. The peak at w3 =

—400 cm™~! corresponds to the main exciton and w3 = 0 cm™!

corresponds
to coherence between single and double excitons.

Since the overall features resemble the dimer, only one bright exciton de-
termines most of the features. The peak decay with the delay time becomes
considerably faster with annihilation enabled and we see additional spectral

peaks appearing along w; = —800 cm™!

; same tendency as observed for the
dimer along w; = —400 cm~!. These features appear at a position where two-
time excitation of the bright exciton occurs. Again, the annihilation introduces
decay of excitons during the excitation process and re-excitation of the exci-
tons takes place. For large annihilation parameter values the lineshapes along
ws get smeared out and at short delay times the peaks get broadened symmetri-
cally, while for longer delay time the peak intensities redistribute due to uneven

annihilation across the exciton band.

2.3.6 [51 — Ifg + 133 2DES spectra for bosons

Next, we present the same type of spectra that were made for paulions, but for
the boson case. For the dimer, the K 1— Ifg + K. 3 bosonic spectra are shown in
figure .3.3. The main difference from the paulions is that the cross-peaks re-
lated to the correlations between excitons are not visible in boson case. Strong
excited state absorption shows up at around (w; = —200cm™!, w3 = 0 cm™!)
and is shifted by about half the anharmonicity value from the main peak
(w1 = —200 em™ ! w3 = —200 cm_l) and consists of blended chromophore
overtone excitation and a combination band excitation. These features are mir-
rored at around w; = 0. For the case with no EEA, we see slight decay of
the signal in contrast with slight growth in paulion case. The difference is
that in boson case in NEE there is no population-dependent transition dipole
anharmonicity (in general transition dipole moment terms are multiplied by
(1 — 216,y in Egs. [1.4.31.4.8). For large EEA parameter values, we see
spectra significantly broadened with larger decay over delay time.

For the trimer, the Ki—Ky+ K. 3 spectra are shown in figure 2.3.6. We see
the same trend as in the dimer case (note the figure does extend to positive ws;
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there are no features visible in there). The differences are the main diagonal
peak is at (w; = —400 cm™!, w3 = —400 cm~!), and the cross-peaks are
closer to the diagonal peak, compared to the dimer case.

2.3.7 2151 — 2[52 + [53 2DES spectra for bosons

The 2K 1 — 2[52 + K 3 signal is more complex for bosons as shown in fig-
ures and 2.3.8. For bosons the chomophoric overtone state is not for-
bidden, and it dominated the spectra giving peaks, for the dimer at (w; ~
—300 cm™ !, w3 ~ —200 cm_l) and for the trimer at (wy ~ —700 em ™! wsg &
—400 cm™"). The lineshapes are slightly broader compared to paulions.

In the dimer case we observe additional peaks at (w1 ~ 700 em™ ! wg &
—200 cm~!) which correspond to excitation of another double exciton, which
is not available for the paulions. This feature gets weaker compared to the main
feature with EEA enabled, due to double exciton quenching.

For the trimer, additional peaks, corresponding to excitation of other double
excitons (along w; ~ —800 cm~!), are weaker compared to the dimer case.
Same as in the dimer case this feature decays when EEA is enabled, but we
see additional features at (w; = 1200 cm™!, w3 = —400 cm™!) which shows
contributions from even other excitons. A trimer system has 3 double excited
states of which only one is visible at low excitation intensity. With increased
excitation intensity effects from other double excited states become visible.

2.3.8 Discussion

Phase cycling has been used for disentangling various phase matching com-
ponents. The downside of this approach when applied to calculations is that
it requires repeated calculations multiple times for phase shifts. The upside is
that the system of equations is preserved and does not need to be rearranged
using order by order expansion methods (which do not work in this case since
EEA leads to non-exponential dynamics). Also, computationally phase cycling
is easy to parallelize, so it is very efficient.

We see that inclusion of EEA terms affects 2D spectra significantly. The
most basic phenomena introduced by inclusion of EEA is the decay of spec-
tral features over the delay time, which can be observed when the EEA is ac-
tive. Additionally, EEA affects peak linewidth. With increased EEA parameter
value cross-peaks are enhanced, even the peaks that should be dark and have
no transition dipole moment become visible. For the 2K 1 — 2K. 9+ K. 3 signal
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we also find peaks associated with forbidden transitions as well as with dou-
ble resonances. An additional feature related to high intensity excitations is
related to deviations from the perturbative excitation regime. In this case an
excitation does not necessarily correspond to transition between specific sys-
tem levels. Instead, specific resonances may be initiated during the excitation
process, which follow different symmetry selection rules from exciton. This
is the main reason why dark excitons become populated. Then they relax into
bright states and give time dependent features at non-standard positions.

Indeed, in perturbative treatment, the material Hamiltonian eigenstates (ex-
citons in our model) are stationary states when the optical field is switched off;
the field introduces only transitions between these states. However, when the
external field is on continuously, the full stationary Hamiltonian has additional
stationary system-field interaction. Even if the material Hamiltonian is diag-
onal (in e.g., exciton representation), the full stationary system-field Hamilto-
nian in this case would be not diagonal and its new stationary states are denoted
by polaritons®. Correspondingly their selection rules are different compared
to excitons.

In our case the optical field is impulsive, and in the excitation process when
the field is on, our system momentarily enters non-perturbative polaritonic
regime when even the dark excitons (which are dark when the field is off)
turns to be open for excitation. This symmetry breaking is explicitly defined by
population-scaled transition dipoles in Eqs. [1.4.31.4.8, i. e. athigh occupation
numbers fi,, (t) — (1 — 200 pin (t).

This feature leads to counterintuitive behavior in K- 1 — K. 9+ K. 3 spectra for
paulions when specific spectral features grow with the delay time in case with
no EEA. Such growth is related to additional occupation of the bright exciton
by slow relaxation of population from the dark exciton, being populated dur-
ing the excitation process. The nature of this is clearer when we see how the
exciton populations behave after single-pulse excitation (like in pump-probe
scheme). We show exciton population dynamics in figures P.3.9, for high ex-
citation intensity, and P.3.10, for low excitation intensity, for a dimer with the
same parameters. The most interesting case is for paulions at high excitation
intensity. We see that the lowest energy exciton (which is bright by exciton se-
lection rules) becomes saturated when pumping and the second exciton (which
is dark by exciton selection rules) acquires population. The other cases show
that boson populations do not show such saturation and behave the same way,
independent of excitation intensity except only scaled. We also observe the
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Figure 2.3.9: Population dynamics of a molecular dimer (J12 = —200 cm™1),

in high excitation regime after a single pump-type excitation.
System parameters are the same as the parameters of the dimer
in this chapter. Shown populations are in exciton basis where
legend shows the exciton, i. e. the bright lower-energy exciton
o011, and the dark higher-energy exciton o92. The optical pulse
intensity parameter Ay = 0.9.

nonexponential decay induced by EEA.

Additional resonances also emerge at high excitation intensity and remain
even when the field is off. For example, a paulionic dimer would have two ex-
citons with energies —200 cm~! and +200 cm~! and double excitation, which
is at the sum of the single exciton energies (0 in the present case). The spectra
features would be at w; = 0 cm™!(paulions forbid double excitation on same
site) and w3 = —200 cm™!, yet we observe feature at (w; = —400 cm™ !,
w3 = —200 cm™ ') that grows with the delay time relative to the other spec-
tral features as the whole spectrum decays. For the trimer we have features in
the same spirit appearing at (w; = —400 cm™!, w3 = —200 cm™") , and the
features at w; = —200 cm™! are partially replicated at w; = —400 cm™".
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Figure 2.3.10:
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Population dynamics of a molecular dimer (J12 = —200 cm™!),

in low excitation regime after a single pump-type excitation.
System parameters are the same as the parameters of the dimer
in this chapter. Shown populations are in exciton basis where
legend shows the exciton, i. e. the bright lower-energy exciton
011, and the dark higher-energy exciton o22. The optical pulse
intensity parameter Ay = 0.1.
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These high-intensity related features could be explicitly demonstrated by us-
ing the NEE formalism. Notice that in Eqs. [1.4.5-1.4.8 in operator notation
not only all transition dipoles have additional population-related scaling as de-
scribed above, but the resonant couplings can be also considered as scaled by
populations Jp,,, — (1 — 200y, ) Jnm. This severely affects excitonic reso-
nances at high excitation intensity. These specific features of the NEE equa-
tions lead to very fine effects in various 2D spectra. Overall, the spectra become
very sensitive to paulionicity, anharmonicity, EEA and excitation intensity and
various experiments have to be examined very carefully to capture these spe-
cific processes.

Bosonic systems in general exhibit similar 2DES spectra features with few
exceptions. In the 2K 1 — 2K 9+ K 3 case the features which were along wy =
—400 cm™ ' for the paulion dimer are overshadowed by overtone excitations in
bosons case. Another difference is the appearance of new high energy peaks of
other double-excitons that decay with enabled EEA. Overall, at high excitation
intensity all features reflect the anharmonicity parameter K —induced presence
of negative-positive doublet implying the existence of possible absorption from
an arbitrary excited state. These features represent anharmonic ladder scheme
of boson states.

We chose the parameters for the model system to represent a variety of sys-
tems. For the squaraine dimers the coupling values, for example in ref.”, range
from —350 cm~!to —650 cm™!. J-aggregates have even larger values®, while
the coupling between the special pair in the photosynthetic reaction center of

10 is around 150 cm~!. So, our set of couplings fall within this

photosystem I
wide range. Bath parameters were tuned to have narrow enough lineshape to
see details. In general, the main effect of annihilation in experiments is the
nonexponential decay of spectral features. This decay depends on initial exci-
tation intensity and in our case a single annihilation parameter. In addition, the
geometry of nearest neighbors of each molecule should also be considered. We
believe the realistic value should fall between the small values we chose and
the large value. As a comparison, for a specific double walled molecular tubu-
lar J-aggregate annihilation happens on a timescale of picoseconds??, which
coincides with our calculations.

In our case the optical field is impulsive, and in the excitation process when
the field is on, our system momentarily enters non-perturbative polaritonic
regime when even the dark excitons (which are dark when the field is off)
turn to be open for excitation. This symmetry breaking is explicitly defined
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by population-scaled transition dipoles in Eqs. [1.4.31.4.8, i. e. at high occu-
pation numbers i, (t) — (1 — 200 ) fin ().

This feature leads to counterintuitive behavior in K- 1 — K. 2+ K 3 spectra for
paulions when specific spectral features grow with the delay time in the case
with no EEA. Such growth is related to additional occupation of the bright ex-
citon by slow relaxation of population from the dark exciton, being populated
during the excitation process. The nature of this is more clear when we ob-
serve how the exciton populations behave after single-pulse excitation (like in
pump-probe scheme). We show exciton population dynamics in figures 2.3.9,
for high excitation intensity, and R.3.10, for low excitation intensity, for a dimer
with the same parameters. The most interesting case is for paulions at high ex-
citation intensity. We see that the lowest energy exciton (which is bright by
exciton selection rules) becomes saturated when pumping and the second ex-
citon (which is dark by exciton selection rules) acquires population. The other
cases show that boson populations do not show such saturation and behave
the same way, independent of excitation intensity except only scaled. We also
observe the nonexponential decay induced by EEA.

In this work we apply a phenomenological description of the EEA®. We
could achieve a more explicit description of the EEA by adding Hamiltonian
terms that would couple single and double excitation bands (terms that do not

preserve the number of excitations): [Imab;n} Qa, [I;,mabjnb;qlfn] Qa and

etc., here Qa is the coordinate operator of the « bath oscillator, I,,,,, and I,,,,
are coupling coefficients between bath oscillators and excitation bands. These
terms require further study to determine if the modeled EEA behavior is compu-
tationally feasible to apply in practice and if it corresponds to the experiments.

Additionally, here we have made an approximation by neglecting triple ex-
citation terms in equations (e.g., bbb and their Hermitian conjugates). It can
be argued that at the high excitations these terms should be needed. However,
at higher excitation intensity the EEA process becomes dominant, and exci-
tations are efficiently quenched so triple excitations, and their corresponding

resonances are not generated. Effects of these terms require additional study.
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3 CONCLUSIONS

1. We have shown that NEE can be very efficiently factorized in real space
and then truncated in eigenstate space. As a result, a highly nonlinear
spectra of very large molecular chromophore aggregates can be calcu-
lated quite efficiently. The ESA peak is the most sensitive to the non-
linear properties and must be studied to determine system properties at
high excitation conditions.

As already noted, the main reason factorization is included is to close
the hierarchy of equations due to limited computational resources. The
mathematically exact approach is given by infinite hierarchy of equa-
tions, which cannot be implemented in calculations. However, the “best”
factorization method does not exist - different factorization approaches
enhance different phenomena. For example, one of the simplest the di-
rect factorization model can be used if only shift of absorption line with
excitation intensity is observed. Including z variable may be important,
if separate excited state absorption line is observed.

Different types of factorization lead to distinct simplification of equa-
tions which lead to efficient and fast computations. The simplest set of
equations certainly leads to very fast calculations. Alternatively, some
other types lead to instabilities: note that the 225 model fails to converge
for high intensity cases. The reason why instabilities are seen could be
related to the fact that the commutation-induced symmetry is preserved
with lower order terms, while factorizations may break this symmetry,
for example, in case (bTbTbb) — (b1b)(bTb) both bb and bTb! get broken
and double-excitation characteristics implied by commutation relations
is disregarded, but in case (bTbTbb) — (b1b1b)(b) the breaking is in-
troduced only partially and imbalance between various terms could be
introduced, which may lead to diverging solutions.

In section P.2 NEE has been used in the exciton basis, which made them
very efficient for the J aggregate. This is a rather favorable system for
the exciton model since mostly the lowest energy exciton is optically
bright. However, including only one exciton in the description leads to

93



incorrect ESA peak. By including just a few exciton states, the ESA
peak converges. This implies that double-exciton resonances are not
simple single-exciton product states, however, only several energetically
close excitons are sufficient to correctly represent the double-exciton res-
onances. Accordingly, this implies that only excitons which are close in
energy do interact.

Additional factor regarding the one-exciton approach deficiency is due
to thermal activation of excitons. Notice that in thermal equilibrium the
kpT range of exciton band will be populated. It is then a matter of how
many excitons are within this range. This is also defined in exciton basis

and cannot be done in chromophore basis.

. We introduce NEE with new commutation relation for generalized par-
ticles. And we test the case of n = 0.5 which falls between paulions and
bosons. The obtained solution show properties are in middle of paulion
and boson properties. In calculated absorption and pump probe spec-
tra cases spectra we observe that the ESA band shift is in between the

paulionic and bosonic cases, when comparing spectra.

. Differences between different equation models become smoothed out by
including EEA (section 2.1]). Coherent and direct factorization schemes
stand out and show more significant differences from others. While the
spectra become much more similar with EEA, instability from the zz
model at high intensity remains. But the instability becomes apparent
for larger intensities compared to the case with no annihilation.

It is shown that absorption spectra of molecular systems can be enhanced
by additional features at high excitation intensities. This can be ad-
dressed using non-perturbative propagation of NEE. The equations must
be closed for numerical implementation, and there are many ways to
close them. The most interesting approach relies on factorization of var-
ious highly nonlinear terms in NEE. Different types of factorizations may
enhance various processes, what can be utilized in specific applications
of NEE. The whole analysis becomes even less complicated when in-
cluding EEA, because EEA does not allow for creation of highly ex-
cited states. Therefore, EEA diminished differences between different
schemes of factorization. As a result, the NEE application to the systems
with EEA is efficient and the calculations can rely on simple equations.
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4. Increasing EEA parameter strongly affects 2DES cross-peaks (section
R.3): even the peaks that should be dark and should have no transition
dipole moment may become visible. For the 2K — 2K+ K3 signal we
find peaks associated with forbidden transitions as well as with double
resonances. These features are related to deviations from the perturba-
tive excitation regime. In this case an excitation does not necessarily
correspond to transition between specific system levels. Instead, spe-
cific resonances may be initiated during the excitation process, which
follow molecular symmetry selection rules compared to exciton. This
is the main reason why dark excitons become populated. Then they re-
lax into bright states and give time dependent features at non-standard
positions.

Indeed, in perturbative treatment, the material Hamiltonian eigenstates
(excitons in our model) are stationary states when the optical field is
switched off; the field introduces only transitions between these states.
However, when the external field is on continuously, the full transient
Hamiltonian has additional stationary system-field interaction. Even if
the material Hamiltonian is diagonal (in e.g., exciton representation), the
full transient system-field Hamiltonian in this case would be not diagonal
and its new stationary states are denoted by polaritons®. Correspond-
ingly their selection rules are different compared to excitons.

In our case the optical field is impulsive, and in the excitation process
when the field is on, our system momentarily enters non-perturbative
polaritonic regime when even the dark excitons (which are dark when
the field is off) turn to be open for excitation. This symmetry breaking is
explicitly defined by population-scaled transition dipoles in Egs. [.4.3-
[.4.8, i. e. at high occupation numbers /i, (t) = (1 — 20005 ) fin (t).

5. NEE together with phase cycling yields polarization in a generic way
which is the basic quantity describing various types of spectra (section
R.3). The presented highly nonlinear NEE equations together with phase
cycling thus can be applied to study wide variety of spectroscopy tech-
niques. The phase cycling allows simple extraction of various phase
matching directions. Numerical solution of NEE includes explicit exci-
tation pulse properties. It thus includes and properly accounts for pulse
overlap effects. These effects add contributions that arise from non-time-
ordered interactions even when the pulse centers are ordered, due to finite
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pulse duration. The approach was efficiently used for third-to-fifth order
spectra calculations. For example for signal mi K1 + maoKo + m3 K3
would require calculating (2 [mq| 4+ 1)-(2 |m2| + 1)-(2 |m3| 4 1) phase
shifted samples and 5D Fourier transform would be applied (2 dimen-

sions for ¢; and t¢3, the rest for every wave mixing wave vector).
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SANTRAUKA

Ivadas

Molekuliniai agregatai yra sistemos pasizymincios savitomis elektroniniy
suzadinimy ir suZadintos biisenos dinamiky savybémis. Sios sistemos yra svar-
bios fotosintetiniuose $viesos surinkimo ir energijos pernesimo vyksmuose,
kurie turi didele svarba gamtoje’2. Esant tinkamoms salygoms, molekuliniai
agregatai gali susiformuoti ir i§ sintetiniy dazy molekuliy. Tai suteikia gali-
mybe projektuoti ir tirti kvantinius reiskinius, kurie priklauso nuo chromoforo
savybiy bei jy kiekio® . Norint suprasti, valdyti ir nuspéti molekuliniy agre-
gaty spektroskopiniuose eksperimentuose optines savybes, reikia koordinuoti
ir plétoti teorija su modeliavimu.

Chromoforinis dimeras yra maziausia sistema, kuri atkartoja molekulinio ag-
regato savybes® 10 Agregaty sugerties juostos yra pasislinkusios lyginant su
nesgveikaujanciais chromoforais. Taip yra dél rezonansinés sgveikos tarp ag-
regata sudaranciy chromofory. SuZzadintos biisenos sugertis (ESA) gali buti
stebima net ir kai agregato molekulés aprasomos kaip dviejy lygiy sistemos.
Tokiy modeliniy sistemy savybés galima patikimai modeliuoti ir vieno suzadi-
nimo lygyje, atsizvelgiant j sudétingg aplinkos strukttirg, kuri veda prie nemar-
kovinés eksitony relaksacijos. Taciau, kai molekuliy skai¢iaus daug didesnis ir
esant dideliam zadinimo intensyvumui néra trivialu modeliuoti chromoforiniy
agregaty spektrus. Pagrindiné to priezastis yra eksponentiskas skai¢iavimo lai-
ko didéjimas didinant molekuliy skaiciy agregate bei atsizvelgiant j suzadinimy
skaiCiy esant netrivialiam zadinimo intensyvumui.

Dvimaté elektroniné spektroskopija (2DES) yra jprastas jrankis, kuris su-
teikia galimybe stebéti koreliacijas ir suzadinimy dinamikas chromoforiniuose
agregatuose ' 14, Trys laike surikiuoti zadinimo impulsai (aprasomi pagal jy
bangos skaiciaus vektorius K7, Ko, K3) sukuria bent trecios eilés netiesinj at-
sakg medziagoje. Tada indukuota netiesiné poliarizacija detektuojama hetero-
dininés detekcijos metodu(taikomas papildomas impulsas matavimo metu) ties
bangos skaiCiaus vektoriaus kryptimi =K F K5 + K3. Poliarizacija tada yra
nuo laiko tarpy (¢1, to, t3) tarp laike gretimy zadinimo impulsy ir detektavimo
priklausanti funkcija. Poliarizacijai taikoma dvimaté Furje transformacija ¢, ir
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t3 atzvilgiu ir signalas projektuojamas j w1, w3 daznius dvimatéje erdvéje, liku-
si to trukmé arba kitaip vadinama vélinimo trukmé leidzia stebéti suzadinimo
uzpildy dinamikas bei intrajuostinius koherentiSkumus.

Signala galima tirti, trikdZiy teorijos rémuose, ir analitiskai'?!3. Bet tada
suzadinimy skaicius turi biti mazas, todél optinio lauko intensyvumas taip pat
turi biiti mazas. Galima suskaiciuoti kiek kvanty dalyvauja atitinkamuose reis-
kiniuose ir nustatyti sgveikos eil¢ optinio zZadinimo lauko atzvilgiu. Ir atskirti
pagal eiles, bet tai jmanoma, kai suzadinimy skaicius yra pakankamai mazas.

Tacdiau, esant didesniam zadinimo intensyvumui, auksStesnés eilés zadinimo
impulso lauko atzvilgiu negalime iSskirti skirtingy vyksmy. Trikdziy eiluté
nekonverguoja ir zadinimo sukelti jvairts skirtingos eilés efektai pasireiskia
jvairaus tipo signaluose, kurie jprastai sicjami su Zemesnés eilés matavimais.
Tai gali lemti klaidinga spektriniy matavimy interpretacija, todél reikalinga ne-
artutinis apdorojimas.

Trecios eilés lauko atzvilgiu, jprastoje Zzadinimo-zondavimo schemojel€,
matuojamo signalo intensyvumas auga tiesiskai didinant zadinimo pulso inten-
syvuma. Zadinimo lauko intensyvumas matavimuose yra daZznai naudojamas
pasiekti geresnj signalo triuk§mo santykj, o ne kaip parametrg jtakojantj signa-
l3. Jei signalg sudaryto tik trecios eilés nariai, tada tik signalo intensyvumas pri-
klauso nuo zadinimo intensyvumo. Bet didéjant suzadinimy tankiui pasireiskia
papildomi, aukstos eilés lauko atzvilgiu, procesai susieti su eksitono-eksitono
sgveika. Tam tikri fizikiniai vyksmai kinta, dél aukstesniy netiesiniy procesy,
keiciantis suzadinimy tankiui medziagoje, kuris priklauso nuo zadinimo lauko
intensyvumo.

Eksitono-eksitono anihiliacija (EEA) yra vienas i§ procesy, kuris stipriai pri-

1721822 Sjs procesas yra vidinés konversijos

klauso nuo suzadinimy tankio
pasekmé, kai stipriai suzadintas chromoforas, rezonansinis dvigubam kvan-
tiniam suzadinimui, uzgesina vieng suzadinimg ir relaksuoja j Zemiausig su-
zadinta busena, to pasekoje lieka viengubas kvantinis suzadinimas. Eksito-
ny gesimo kinetikos dideliuose molekuliniuose agregatuose gali suteikti in-
formacijos apie eksitony difuzija?3. Persidengiantys aukstesnés eilés proce-
sai (penktos ir auksStesnés eilés) pasireiskia, kai jvyksta dvi papildomos sgvei-
kos su zadinimo impulsais. Taciau buvo parodyta, kad 2D signalas kryptimis
+2K, F 2K5 + K3 , suzadina dviguby suzadinimy juostg ir leidzia stebéti
su EEA susietas ypatybes?4. Tac¢iau norint paaiskinti §iy spektriniy ypatybiy
smulkiai struktiirg yra reikalingi tolesni tyrimai.

Eksitony sgveika su aplinkos virpesiniais laisvés laipsniai (fononais) sukelia
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eksitony lokalizacija (dél statinés netvarkos) ir relaksacija (dinaminés fliuktu-
acijos)!. Jau minéta EEA atsiranda dél virpesiniy sgveiky netiesiniame suza-
dinimy rezime232%26:22  Sje reikiniai slopina eksitony formavimasi. Moleku-
linése sistemose fononai dazniausiai yra vietiniai virpesiai (arba statiné diago-
nali netvarka), kurie veikia chromofory Zadinimy energijas be jokiy erdviniy
koreliacijy. Taip moduliuoja chromofory Zadinimo energijas ir iSderina chro-
moforus nuo stabiliy rezonansy. Todél, kai atsizvelgiame j visus vietinius ir
nevietinius efektus, lyg€iy negalima trivialiai supaprastinti keic¢iant bazg i de-
lokalizuota eksitony baze.

I virpesinius laisvés laipsnius atsizvelgiama netiesiogiai taikant Redfield re-
laksacijos teorija. Sioje relaksacijos teorijoje virpesiniai laisvés laipsniai yra
aprasomi kaip begalinis harmoniniy osciliatoriy rinkinys, kuris sgveikauja su
sistema. Si sgveika tarp sistemos ir aplinkos yra laikoma maza, tada jos atzvil-
giu taikoma antros eilés trikdziy teorija. Darydami prielaida, kad aplinka yra
markoviné (atmetami atmintis efektai), aplinka apdorojame kaip suderintinio
lauko teorijoje, osciliatoriai yra “uzSaldomi” Siluminiame vidurkyje, kuris api-
bréztas aplinkos temperatiiros. Taip gaunamas Redfield relaksacijos teorijos
apraSymas.

Lygtys neartutiniam spektry skai¢iavimui (sgveikaujanciy elektroniniam os-
ciliatoriy rinkiniui) buvo iSvestos taikant Netiesiniy eksitony lyg¢iy (NEE) for-
malizmg. Neartutiniai metodai generuoja begalines lygciy hierarchijas, kuriy

bendrai negalima i§spresti analitigkai?’

. NEE generuoja begaling sukabinty
lygciy hierarchija. Praktiniams skai¢iavimams yra reikalingos prielaidos, ku-
rios pagrindzia §io hierarchijos uzdarymga tam tikru lygiu. Priklausomai ar pri-
dedame ar iSimame EEA narius galime daryti prielaidas apie koks yra efektyvus
suzadinimy skaicius sistemoje. Tada galime atrinkti narius susietus su labai di-
deliu suzadinimy skaic¢iumi ir juos galime faktorizuoti, tai yra, perrasyti, kaip
mazesnés eilés nariy sandauga. Bet dél sistemos ypatybiy ir nuo spektrosko-
pinio matavimo tipo lygciy nariy negalime faktorizuoti bet kaip. Hierarchijos
uzdarymui reikia atmesti tam tikros eilés narius narius arba juos faktorizuo-
ti. To pasekoje lygéiy rezultatai gali biiti netikéti: diverguojantys sprendiniai,
nefizikiniai efektai ar i§vis svarbiy efekty pametimas. Todél reikia atlikti jvai-
riy faktorizavimo schemy analiz¢. Taciau, esant dideliam suzadinimy skai-
¢iui, faktorizacija gali leisti teisingai jvertinti daugiakvantines sumines viduti-
nes spektrines savybes, kuriy kitais metodais nepavykty jvertinti.

Vienas i$ budy i§vengti eksponentinio skai¢iavimo kasty augimo yra apriboti
suzadinimy skaiciy. Tai reiskia, kad apsiribojame labiausiai pasireiskianciais
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netiesiniais procesais, apsiribojame silpno suzadinimo lygiu. Kitas supaprasti-
nimas yra apsiriboti tik ryskiais eksitonais, kuriuos galime jvertinti i$ pasirink-
tos sistemos simetrijy. Tam pereiname i§ molekulinés/mazgy bazés j eksitonine
bazg, kur dél sistemos simetrijy gali biiti tik keli optisSkai pasiekiami rezonansai
i$ visy galimy buseny. Tai leidzia efektyviai sumazinti problemos dyd; ir net
begalinio dydzio agregatai gali bati “i§spresti” analitigkai>’,

Siame darbe tiriami stipriai netiesiniai efektai netiesinés sugerties, zadinimo-
zondavimo ir 3-5 eilés 2DES spektruose chromoforiniams agregatams 323,

Aprasome kaip EEA jtraukimas | NEE paveikia 2D spektrus skirtinguose
bangy maisymosi lygiuose®!. 2D spektry analizéje apsiribojame dimery ir tri-
mery sistemomis. Siekiant i$skirti stipriai netiesines 2D signaly komponentes,
buvo panaudotas faziy moduliavimo metodas®¥ . Su EEA 2D spektruose at-
siranda reikSmingi skirtumai, kurie gali biiti paaiSkinami dinamisku eksitony
simetrijos pazeidimu.

Taip pat, tiesiniam chromofory agregatui, palyginame keleta faktorizacijos
tipy®3 , nuo mazo iki didelio Zadinimo lauko intensyvumo, skai¢iuodami pa-
prastg sugerties spektra. Parodome, kad esant dideliam Zadinimo intensyvumui
matoma papildoma indukuota sugertis ir §ios savybes stipriai priklauso nuo sis-
temos netiesiSkumy ir tuo paciu nuo faktorizacijos tipo. Tai galima panaudoti
specifiniuose taikymuose atitinkamoms molekulinéms sistemoms.

Ir tiriame NEE lygciy elgsena su EEA nariais J tipo agregatams, kai spren-
dziame lygtis su tik dalimi i§ visy eksitony®2. Tam skai¢iuojame zadinimo zon-
davimo spektrus esant skirtingiems optinio zadinimo lauko intensyvumams.
Parodome, kaip spektrai sukonverguoja naudojant tik kelis eksitonus skaicia-
vimuose.

Disertacijos tikslai ir uzduotys

1. Istirti netiesiniy eksitony lygciy pritaikomuma dideléms molekuliniams
agregatams.

2. Jvertinti skirtingy NEE aproksimacijy ribas vykdant simuliacijas.

3. Istirti NEE pritaikymo galimybes aukStesnés eilés netiesiniy spektry
skaiciavime.
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Ginamieji teiginiai

1. NEE faktorizavimas ir molekulinés sistemos perraSymas j eksitoning ba-
z¢ ir bazés nukirpimas jgalina efektyvy netiesiniy spektry skaic¢iavima J
tipo agregatams sudarytiems i§ didelio molekuliy kiekio.

2. Netiesinés eksitony lygtys leidzia aprasyti apibendrintas daleles ir pau-
lionus ir bozonus su vienu parametru, kuris leidZia tolygiai pereiti nuo
vieno aprasymo prie Kito.

3. EEA nariy jtraukimas suvienodina skirtingy NEE modeliy rezultatus.

4. EEA ir sistemos netiesiSkumai jgaling eksitony simetrijos pazeidimg dél
lokalios procesy prigimties, kas pasireiskia papildomais signalais spektre
tarsi susietais su tariamais “tamsiais” eksitonais.

5. Faziy moduliavimo metodas leidzia efektyviai i8skirti skirtingas stipriais
netiesinio 2DES spektro dalis.

Teorijos apZvalga

J agregatai

Siame darbe miisy modelinés sistemos bus J agregatai. idealizuotas tiesinis
agregatas yra sistema sudaryta i3 identisky molekuliy grandinés. Sios mole-
kulés turi tik artimiausio kaimyno sgveika ir $i sgveika yra vienoda visoms
molekuléms. Taip pat visos molekulés agregate turi vienoda Suolio dipolinj
momenta. Sie $uolio dipoliniai momentai yra nukreipti atitinkama kryptimis
molekuliy grandinés asies atzvilgiu. Jei Suolio dipoliniai momentai yra stat-
meni molekuliy grandinés asiai tada tokia sistema vadinama H agregatu. Jei
Suolio dipoliniai momentai yra lygiagretiis molekuliy grandinés aSiai tada to-
kia sistema vadinama J agregatu. D¢l Siy sgvybiy tik viena tikriné biisena turi

1334

nenulinj Suolio dipolinj momenta, tai yra “Sviesi”. J agregate Sis eksitonas yra

maziausios energijos. Sig J agregaty savybe i$naudosime spektry skai¢iavimy
spartinimui
Frenkelio eksitony modelis molekuliniam agregatui

Molekuliné sistema yra sudaryta i§ keleto chromoforiniy molekuliy. Chro-
moforai molekulés, kurios jautrios optiniui elektriniui laukui. Molekulés §iuo
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atvejus yra supaprastintos | 2 (paulionai) ar 3 ir daugiau (bozonai) lygiy sis-
temas su specifine Zadinimo energija J ir anharmoniskumu parametru K (kai
molekulé suzadinama daugiau nei vieng kartg). Saveika su Sviesa yra apraso-
ma Suolio dipoliniu momentu ,,,. Saveika tarp skirtingy molekuliy didzigja
dalimi sudaro rezonansing elektrostatiné sgveika, kurig galima isreiksti kaip ku-
loning dipolis-dipolis sgveika. Tam yra reikalinga prielaida - molekuliy dydis
mazesnis nei atstumas tarp molekuliy.
Molekuliné sistema apraSoma Frenkelio eksitony hamiltonianu:

+ 3 i (0)bh + Y 11 ()b (1)

indeksai m, n Zymi skirtingus osciliatorius (chromoforus) esanc¢ius ant skir-
tingy saity. Matricos J,,, diagonaliis nariai yra elektroniniy Suoliy energijos
(m = n), like nariai (m # n) yra rezonansinés sgveikos, K, yra m—tojo osci-
liatoriaus anharmoniskumas, bh, (l;m) yra sukiirimo (i$nykimo) operatoriai m
osciliatoriui. Bendrai K turéty buti 4 rango tenzorius, K mnkléinémk l;l, atvaiz-
duojantis jvairius anharmoniniy pataisy tipus, pavyzdziui rezonansinés sgvei-
kos pataisa dél uzpildos, K,y ir elektrochrominiai poslinkiai dél uzpildos,
Kpinnm. Taciau mes $iuo atveju paliekame tik diagonalius narius.

Suminis optinis laukas sudarytas i§ Zadinimo impulsy suzyméty pagal [.
Sistemos-lauko sgveika nusako skaliariné sandauga tarp optinio elektrinio lau-

ko ir chromoforo Suolio dipolinio momento f.;,:

P () =) i - Ey(t — toy) exp(Fiwi(t — tor) F iKr), )
l

kuris apibrézia eksitono sukiirimo ir iSnykimo amplitudes; taip pat buvo pa-
naudota besisukancios bangos aproksimacija, kur kiekvieno eksitono sukiri-
mo/i$nykimo procesas susietas su atitinkamu optiniu dazniu. E;(t) yraimpulso
gaubtinés funkcija. ty; yra impulso centro laikas, o w; - neSantysis daznis.
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Apibendrintas komutacinis sarySis

Daugiadalelinés statistikos aprasomos specifiniu komutaciniu sary$iu. Pau-

35,86

lionams §is sarysis yra:

~ ~

b, b5, = Gpmn (1 — 2b,,D1). 3)
Sitas komutacinis sarysis draudzia keliy suzadinimy buvimg viename chromo-
fore. Toks modelis apraso dviejy lygiy elektroninj osciliatoriy. Tuo tarpu bo-
zonams komutacinis sarysis yra:

[i)na lA)In] = 5mnu (4)
Siuo atveju yra galimi keliagubi chromoforo suzadinimai. Mes sutraukiame
Siuos 2 aprasymus j bendrg komutacinj sarysj:

~

(b, b5, = Gpn (1 — 2005, 51), (5)

ny¥m

kur n = 0 atitinka bozonus ir 7 = 1 - paulionus. Ir leidziame parametrui 7
kisti nuo 0 iki 1.

Cia mes pridéjome parametra, kuris leidZia pereiti nuo vieno aprasymo j ki-
ta. Bet suzadinimy savybés tarp dviejy krastiniy atvejy (pauliony ir bozony)
néra patikrintos. Todél toliau Salia skai¢iavimy paulionams ir bozonams, atlik-
sime papildomus skai¢iavimus ir “vidurinei” parametro vertei n = 0.5. Sitas
pasirinkimas leis jvertinti ar rezultatai yra fizikiniai ir konverguoja. Taip pat
parodome kaip Sis atvejis dera su paulionais ir bozonais.

Cia mes laikome molekules kaip vientisus vienetus, bet jos yra daugiaelekt-
ronings sistemos. Todél nei paulioninis, nei bozoninis apraSymas néra visis-
kai teisingas molekulinés sistemos elektroniniams suzadinimams. Molekulinei
chromoforai gali biiti suzadinami j aukstesnes biisenas, o Suolio dipoliniai mo-
mentai neseka pilnai harmoninio osciliatoriaus schemos. Todél Sis papildomas
paulioniSkumo parametras gali leisti geriau atvaizduoti molekulines sistemas.

Koherentinés eksitony dinamikos - Netiesinés eksitony lygtys

Kvantiné mechanika turi kelias formuluotes3?3#, Netiesinés eksitony lygtys
remiasi Heisenbergo atvaizdavimu. Heisenbergo atvaizdavime visa priklau-
somybé nuo laiko yra operatoriuose (AAH(t)), o busena (|¢(0))) yra pastovi,
nepriklausanti nuo laiko ir atitinka pradines salygas. Kitoks yra Sriodingerio
atvaizdavimas, kur (flg) pastoviis (juose yra tik iSreiksta priklausomybé nuo
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laiko, jei hamiltonianas priklauso), o visa likusi laiko jtaka yra sutalpinta j bu-
seng (|1 (t))) . Vidutiné verté Heisebergo atvaizdavime yra:

(A(6)) = ((0)| A (1)]1(0))

Judéjimo lygtys Heisenbergo atvaizdavime, kai hamiltonianas tiesiogiai nuo
laiko nepriklauso, yra suskai¢iuojamos i§ komutacinio sarysio:

dA

i = (4. 11). ©)

Ga A yra pasirinktas operatorius Heisenbergo atvaizdavime.
Tikslas yra suskai¢iuoti kaip molekuliné sistema atsako j iSorinj optinj elekt-
rinj laukg. Tai apraso poliarizacija. Poliarizacijos operatorius:

P=> pnby+ > plbl,
n n

kurio vidutiné verteé:

Zun +Zun (bF).

Nuo maziausios eilés operatoriaus, b, diferencialiniy lyg¢iy sistema suge-
neruojama, kuri vadinama NEE2%20_ Cia laikome 7 = 1, tada daznis yra kaip
energijos atitikmuo. [vedame sudétinius operatorius: G, = ELEU, Yuv = buby,
By = BLBUBU bei G, = (1 —2n6yy). Ir surandame kelias pirmasias NEE
lygtis:

.db,, . N .

dqu Z Jvnbugvb - Z Jmubmgu [

+( )K b O-UUI; ( )Kui)L&uulA)v

+ iy (4)b].Gv — id (8 Gub, (8)
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dy . .
Cyizv = Zn: Jvngvyun + zn: Junguyvn

- 2775uv Z Jvn.@v@vn
n

i

+ (1 - 77) (KUOA—M) + Ku&uu) Z)uv
+ (1 - n)éuva (]- -n (3 - 277) (}vv) gvv
+ 1ty (8)gbu + 1, (1) gubo — 2nuvpty, (£)Gubo, )

.dZ St AP
1# = zn: Jvnb]tgvyun + zn: Junbltguyvn

— 210y Z Jvni)zgvgvn - Z Jmkl;;rngkguv

+ (1 - 77)[;2 (Kva-vv + Kyouu — Kka-kk) qu

+ (1 - n)duvaBL (1 =1 (3 =2n) 6uv) You

+ g (£)BLgubu + 11y ()b Gub

- 2776uv:u17 (t)blgvbv - ﬂ;r (t)gkguv (10)

Si hierarchija yra begaliné. Tam, kad lygtis biity galima spresti bent skaitme-
niSkai, $ig hierarchija reikia uzdaryti. Pirmiausia reikia suskaiciuoti vidutines
operatoriy vertes, Siame darbe vidutinés vertés yra Zymimos nuimant opera-
toriaus kepurélés Zenklus by (£) = (bu), 0uo(t) = (Guo)s Yuo(t) = (Yuw)s
Zku (1) = (Zhuo)-

Siose lygtyse matome kokj vaidmenj atlicka 7 parametras. Matome jo jtaka
anharmoniSkumui (1 — 1)K, ir uzpildy sotinimuisi per $uolio dipolinio mo-
mento pernormavima (1 — 2noy,,) iy, (t). Tarpiniu atveju n = 0.5, dar turime
uzpildy sotinimosi efektus (paulionai), bet leidziame auks$tesnius suzadinimus,
su zadinimo energijos anharmoniskumu (bozonai).

Tiesiné relaksacija

Pateikta formuluoté dar neatsizvelgia j iSsifazavimo ir relaksacijos proce-
sus. Teisingam $iy procesy apra§ymui modelj reikia i$plésti jtraukiant aplin-

41

kinius (fononai) laisvés laipsnius®™. Lygtys su dideliu operatoriy skai¢iumi

turi atspindéti daugiaeksitonias koreliacijas, kur pasireiskia platus relaksacijos
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vyksmy diapazonas. Relaksacijos procesui turi biiti i$pildyti atitinkami reika-
lavimai. Svarbiausias yra pilnos tikimybés i§laikymas vieno eksitono biiseny
juostoje, nes eksitono gyvavimo trukmeé yra daug ilgesné lyginant su eksitony
relaksacija juostos viduje.

Aplinka yra pridedama kaip begalinis harmoniniy osciliatoriy rinkinys, ku-
rie tiesiSkai sukabinti su chromoforais. Tai jprastai yra apraSoma tokio tipo
sistemos-aplinkos sgveikos nariu hamiltoniane:

Asp = - ZZ[CW m| Qa +hec (11)

C¢ia (), yra koordinaté priklausant a—tajam aplinkos osciliatoriui, ¢, yra sg-
veikos stipris. Toliau, mes taikome jprasta prielaida, kiekvienas chromoforas
aplink save turi savo vieting aplinka, statistinés savybés visiems saitams yra
vienodos ir statistiSkai nepriklausomos. Heisenbergo atvaizdavime, dél aplin-
kos poveikio, hamiltoniano elementai svyruoja.

Relaksacijai aprasyti, antroje eilé¢je sistemos-aplinkos sgveikos at-
zvilgiu, naudojame markovine sekuliaria Redfield relaksacijos teorija
(MSRT)#213:4384 pradedame nuo bendros idraiskos kombinuotam sistemos ir
aplinkos tankio operatoriui WW. Pritaikius Borno ir Markovo aproksimacijas
(aplinka i8lieka Siluminéje pusiausvyroje ir svyravimy koreliacijos greitai
gesta) redukuotam tankio operatorius, turime dinamikas:

it

2= =i ) - B9 (12)

kur R(®) yra relaksacijos superoperatorius, aprasytas®

R(p)ﬁ _ /oo dr Z {62 G (T)67nG(—T)pCh(T)

0

+ PG (7)0nnG (=7)6nnCy (7)

— 0P (T) G (— ) ;(7')
_g(T)&nng( )pM nCn (T)}7 (13)
kar G(r) = exp (—iflot) propogatorius susietas su Hy =

Zm,n Jmnl;kl;n(teisiné H dalis, tada galima lengvai suskaiGiuoti Gg(t)),
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2
Cn(1) = Z 6"70‘ <coth % COS Wyt — 18in wat> (14)

«

yra hamiltoniano svyravimy koreliacijos funkcija saitui n , C,(7) =
(Hspn(t)Hspn(0)) (¢ia lauztiniai skliaustai nurodomas ansamblinis vidur-
kinimas, visy chromofory virpesiy charakteris laikomas vienodas) ir w, yra
aplinkos osciliatoriaus daznis, kur Hgp = > n OnnHsp (7). Lygtyje [13 tai-
kome molekuliniams agregatams iprastg prielaida, skirtingy saity virpesiai yra
nekorialiuoti (visos kitokio tipo koreliacijy funkcijos yra nykstamos). Laikome
Cp(t) = C(t) visus vienodus.

Aukstesnés eilés lyg€iy nariams §j apraSyma galime papildomai supaprastin-
ti laikant koherentiSkumus nepriklausomais, pavyzdziui Rzgggézz = (R((zb))* +
R + R,

Eksitono-eksitono anihiliacija

EEA yra procesas, kuris jgalina netiesinj suzadinimo uzpildos gesima. Sia-
me darbe EEA apraSymui naudojame fenomenologinj tarpjuostinj relaksaci-
jos procesg i§ ankstesnés publikacijos”. Esant dideliam Zadinimo intensyvu-
mui turétume daugiadaleliniy suzadinimy, taciau EEA procesas slopina suza-
dinimus. Sis procesas atspindi molekulinj vidinés konversijos vyksma, kai
molekulé yra dvigubai suzadinama j aukStas molekulines blisenas. Mes ga-
lime naudoti miisy formalizma, kai vidinés konversijos procesas yra greitas
lyginant su tarp molekuline eksitony Suoliavimo sparta. Tada EEA proce-
sas gali biiti atvaizduotas kaip nekoherentinis nuo atstumo priklausanti Suolis
af|ry, — rn|)31ni)mi)mn — IA)LIA)H, kur m # n, a(|rm — Tn|) = a(rm,) yra
proceso amplitudé priklausanti nuo atstumo tarp saity m ir n. Esant mazai
tarpmolekulinei sgveikai, funkcija o (7, ) galime laikyti kaip Forster suzadi-

21,26

nimo pernesimo spartg . Jei saitai supakuoti tikroje erdvéje tankiai, taip,

kad artimiausio kaimyno atstuma galima apibrézti. Tada proceso spartg saitui
. . . . .. . . - (n—n) Moo (n—n)
m galime susietu su artimiausiais kaimynais, &(7 ) = Ko0mn - Cia dmn
yra lygus 1, kai m ir n yra artimiausi kaimynai, ir 0 kitais atvejais, o kg yra
anihiliacijos parametras.
Reikia atkreipti démesj, Sis gesimo kanalas prisideda prie gyvavimo truk-
mes i$plitimo visiems susijusiems koherentiSkumams. Pagal gerai Zinomg i$-
raiska: gesimo sparta koherentiSkumui mn, susijusi su gyvavimo trukme, yra

107



T = (B + Enn ) /2%, kur kym = ko > n_n Onn yIa suma per artimiausius

kaimynus.
Tada EEA elgsena NEE lygtyse jtraukiama su tokios formos nariais?:

dAnk... Ko

m

Cia kairéje lygties puséje nk... atvaizduoja apibendrintg indeksy rinkinj,
o desingje atitinkamai puséje kiekvienam indeksui turime po narj Gy, kur
G = (85™ 4 §,..), kuris turi ir papildoma saito savaja anihiliacija. $i
schema atitinka kitus modelius, tai yra dn/dt ~ —n?, kuris buvo panaudotas
zadinimo zondavimo spektry analizei ir patvirtintas eksperimenty (pavyzdziai

literatiiroje 1823),

NEE lygciy uzdarymas skaitiniams skai¢iavimams

Uzdaryti (tam tikru pasirinktu lygiu) NEE lygciy hierarchija naudojame
aukStesnés eilés nariy faktorizavima. Tai leidzia supaprastinti lygtis ir suma-
zinti jy skai¢iavimo kastus. TaCiau gali paSalinti ar pridéti naujus efektus i
spektroskopinius rezultatus. Faktorizacijos pavyzdys:

AAAAA

Lbk bnbn> = Okk”nnn (1 6)

kai neatsizvelgia i operatoriy eiliskuma, kas yra svarbu, kaip £ = n. Taciau,
kai k # n galime atskirti k—tojo chromoforo uzpilda ir lieka n—tojo chromo-
foro charakteristikos. Tuo tarpu kitokia faktorizacija, kuri yra labiau priimtina
kitokiai indeksy kombinacijai:

<[;Iz[;;rz[;mbmbl> = y:m?/mmbl' (17)

Cia operatoriy eiliskumas i§saugomas, bet kitas svarbus skirtumas, visi nariai
yra koherentiSkumai. Tikétina, kad nariai susieti su uZpildomis (faktorizavimo
pavyzdys lygtyje [6) islikty ilgiau lyginant su faktorizavimu j koherentisku-
mus. Abiem atvejais nejskaitomas dar vienas efektas, kai k = n =m = [, kur

AAAAA

tada (bLbLbnbnbm yra koherenti§kumas tarp antro ir tre¢io molekulinio suza-
dinimo. Kintamasis Bni)n?)n yra trigubo suzadinimo koherentiSkumas ir §j fak-
torizuojant mes netenkame susiety rezonansy. Sie rezonansai gali priklausyti
nuo sistemos paulioniskumo ar bozoniskumo.

Taip pat aukstos eilés nariy faktorizavimas leidzia iSvengti poreikio skai-
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Ciuoti relaksacijos spartos $iems nariams. Mazos eilés nariams Redfield nariai
gali biiti lengvai iSreiksti eksitoninéje bazéje. Saitiné bazéje Sie nariai yra ne-

patogiis ir greitai tampa sunkiai suskaiciuojami didéjant eilei.

Sugerties ir Zadinimo zondavimo spektrai

Medziagoje indukuota poliarizacija gali biiti naudojama aprasyti spektrosko-
pinius dydzius. Naudojant vidutines vertes P = (P), indukuotos poliarizacijos

dinamika dipolio aproksimacijoje uzraSoma taip:
P(t) = pmbm(t) + c.c. (18)

Visi stebimi spektroskopiniai dydziais gali buti jvertinti i§ poliarizacijos. Su-
gerties spektras suskaic¢iuojamas pritaikius Furje transformacija poliarizacijai
po poveikio labai trumpu optiniu lauku E(t) = oexp(—(At)?/2), centruoto
nulio laiku su gausine gaubtine!2:

+oo
Sa(w) =TJm / dt exp(iwt) P(t). (19)

—00

Cia atmetéme vektorines savybes, nes J agregate laikome visy molekuliy $uolio
dipolinius momentus i§déstytus vienoje dimensijoje.

Tokia suskaiciuota sugertis turi priklausomybe nuo Zadinimo intensyvumo,
nes lygtys néra tiesinés. Esant pakankamai mazam Zadinimo intensyvumui,
priklausomybé nuo Zadinimo intensyvumo iSnyksta. Tokiu atveju lygtis galima
iStiesinti. Eksitoninéje bazéje tiesiniame rezime lieka tik vienas kintamasis ir
viena lygtis:

Lo _ Jaba + py — iR%ba. (20)
dt
Sios lygties sprendinys yra b (t) = b, (0) exp(—iJ,t — RUt), turime lorencinés
linijos formas visiems eksitoniniams Suoliams.

Zadinimo-zondavimo (PP) spektroskopinis signalas gali biiti suskaiiuotas
skaitiskai sprendZiant lygéiy rinkinj. Zadinimo-zondavimo modeliavime (ir
eksperimente) yra du optiniai impulsai: Zadinimo ir zondavimo. Zadinimo im-
pulsas, suzadindamas visus NEE narius, inicijuoja kvanting dinamika. O vé-
lesniu laiku zondavimo impulsas atlieka detektavimo procesg. Visumoje turi
buti suskaiciuoti trys skirtingi poliarizacijos rinkiniai: kai abu zadinimo ir zon-
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davimo impulsai jjungti (Pp(t)), kai tik Zadinimo impulsas jjungtas (Pp,(t))
ir kai tik zondavimo impulsas (P, (t)). Tada galime suskaiCiuoti skirtuminj
signalg:

Spp(w) ~Tm / dt exp(ivst) (P (t)

—Fpu(t) = Ppr(t)) 1)

NEE lygtis galime spresti ir tikros erdvés (saito) bazéje arba eksitoninéje ba-
zgje.

2DES ir fazés moduliavimo metodas

Pereinant nuo Zadinimo zondavimo spektry turime sudétingesnius 2D elekt-
roninius spektrus (2DES) M4 Lyginant 2DES su Zadinimo zondavimo spekt-
rais turime 2 zadinimo impulsus. Todé¢l 2DES eksperimentas apraSomas 4 lai-
ko taskais: pirmas impulsas, antras impulsas, tre¢ias impulsas (charakterizuo-
jami banginiais vektoriais K, K9, K3) ir matavimo taSkas. Toliau apibré-
ziame 3 vélinimo laikus. Sie yra (¢1, to, t3), pavyzdiné diagrama pateikta
paveiksle. 2DES tipas priklauso nuo krypties kurioje signalas buvo matuotas
+ K1 F Ko+ K3, kuri yra banginiy vektoriy kombinacija. Atliekamos dvi Furje
transformacijos, t; ir t3 atzvilgiu ir signalas projektuojamas | du daznius (w1,
ws) dviejose dimensijose. Tai atskleidzia eksitony evoliucija, kuri tampa to
vélinimo laiko funkecija, ir leidzia sekti eksitony uzpildas ir koherentiskumus.

Lyginant su zadinimo zondavimo eksperimentu turétume atvejj ¢t = 0. Pa-
pildomas Zadinimo impulsas lyginant su zadinimo zondavimo eksperimentu
leidzia tikslesnj sistemos pradinés biisenos derinima. Leisdami ¢; kisti, atlikus
Furje transformacija §iam ir ¢3, mes turime dinamiky “Zemélapj”. Sis “Zemé-
lapis” parodo kaip atsakas pasikei¢ia kai taikome specifinj Zadinimo daznj. Ir
kaip Sis atsakas keiciasi laike keiCiant ¢5 vélinimo laikg. Taip pat jprastiniame
zadinimo zondavimo eksperimente + K1 F Ko + K3 komponentés nebiina is-
skirtos. Sios komponentés leidZia stebéti atitinkamas procesus. Pavyzdziui 2D
signalas ties £2K| T 2K, + K32 yra susietas su dviguby suzadinimy juosta
ir atskleidzia EEA ypatybes.

Sudétingesniems netiesiniams signalams reikia i$skirti komponentes atitin-

kanéias tam tikras bangy maiSymosi kryptis®>

15

. Tradicinis metodas yra sig-
nalo skleidimas zadinimo lauko eilémis®2. Taciau dél laipsninés priklauso-

mybés nuo eksitony uzpildos (dél EEA), skleidimas iSorinio lauko atzvilgiu
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ty t t3

1 pav.: 2DES signalo zadinimo impulsy schema.

néra efektyvus. Patogiau integruoti lygtis skaitmeniskai ir iSskirti skirtingy
signalo komponenéiy atskyrimg taikant faziy moduliavimo metoda®¥. Neko-
lineriame eksperimente, kur kiekvienas optinis impulsas turi specifinj bangos
skaiciaus vektoriy, signalo komponentes galima iSmatuoti skirtingomis kryp-
timis aplbreztomls bangos skaiCiaus vektoriaus SquI‘pOZlCl_]OInlS Perfazuo-
jacios —K) + Ko + K3 ir neperfazuojancio K1 — Ky + Ks konfigiiracijos
yra naudojamos 2 dimensijy elektroningje spektroskopijoje (2DES). Jei visi

impulsai kolineariis, tada fazés moduliavimo metodas®613-57

yra efektyviau-
sias jrankis atskirti skirtingas signalo komponentes. Galime i$skirti dominantj
signalg skai¢iuodami jvairiy poliarizacijy superpozicija skirtingomis konfigi-
racijomis. Tai daroma taikant Furje transformacija fazés poslinkiy atzvilgiu.
Taip gaunamos atskiros signalo komponentés, atitinkancios skirtingas bangi-
nio skai¢iaus vektoriaus konfigliracijas. Siam metodui reikia daug panasiy
skai¢iavimy, bet iSkart atskiriami visy banginio skai¢iaus vektoriy kombina-
cijy indéliai ir skai¢iavimus paprasta lygiagretinti. Kiek indéliy gauname yra
apribota kiek skirtingy poslinkiy faziy buvo paimta, dél Furje transformacijos
savybiy. Todél skaicinodami signala —2K 1 +2K5+ K3 turime ir kitus indélius:
— Ky + Ko+ K3, K1 — Ko + K, ir 2K; — 2Ko + K3.
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NEE lygtys eksitoninéje bazéje

PerraSant lygtis i eksitoning baze, lygtys yra skaitmeniskai stabilesnés. Eksi-
toné bazé atsizvelgia j agregato specifinius rezonansus ir simetrijas, bei suma-
zina svyruojancius narius. Pavyzdziui uzpildos nariai o, neturiu svyravimy
Sioje bazéje. Taip pat eksitoninéje bazéje papildomai atmetame 5 eilés narius
ir narius, kurie atitinka trigubus suzadinimus. Pavyzdys nario su trimis suza-
dinimais Bll;bi)cl;d. Ketvirtos eilés nariai, kaip 6282&% faktorizuojami | oo
mazginéje bazéje ir tada transformuojami j eksitoning baze.

Transformacija j eksitoning bazg atliekama transformuojant kiekvieng indek-
sg atskirai, pavyzdziui, z transformuojamas z.p. = Zuw’w 0u,a00,60w,cZuvw >
atvirkscias sarySis zypy = D abe Ou,a0v 0w,cZabe, Kur 0y, ¢ yra transformaci-
jos koeficientas tarp u molekulinio suzadinimo ir e eksitono. Transformacijos
koeficientai suskai¢iuojami i$ tikriniy ver¢iy uzdavinio:

Z Jmnan,a = Jaem,aa

kur J, yra a-tojo eksitono energija. Taip visi lyg¢iy nariai transformuojami i
eksitoning bazg.

Sitas modelis yra 3 eilés pilniausias skaitmeniskai efektyvus NEE modelis.
Si modelj Zymime “Ex”.

Modelj dar galima truputj sumazinti, taikant paprastesnj relaksacijos tenzo-
riy z kintamajam. Imant R((;lde ;= dadOvedar (R,(lb)* + Rl()b) + R,(;b)) modelis
su paprastesne relaksacija gaunamas, §is modelis Zymimas “Ex-R”.

Perslopintas modelis

Lygtims eksitoninéje bazéje galima taikyti papildoma aproksimacija, laikant,
kad koherentiskumai greitai ggsta. Narius su koherentiSkumu tada galima pa-
Salinti i§ lyg€iy. Turint omenyje tam tikrus spektroskopinius eksperimentus, Sis
perslopintas modelis priima, kad vélinimo laikai tarp optiniy impulsy yra ilges-
ni nei molekuliy koherentisSkumy gesimo trukmés. Su $ia prielaida atmetame
y narius, oqp, @ # b koherentiSkumus ir zq;., a # b tarpjuostinius koheren-
tiSkumus. Atitinkamai paliekami tik su uzpildomis susieti sekuliary uzpildos
nariai. Perslopintag modelj Zzymime “OD”. Kaip ir buvo su Ex modeliu turime
ir “OD-R”, kur z kintamojo relaksacija supaprastinta. Lyginant su eksitoniniu
modelius, skirtumai tarp modeliy yra susija su daugiaeksitoninémis savybémis.
Visy modeliy tiesinis atsakas bty vienodas.
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Modeliy apZvalga

Esant mazo Zadinimo salygoms, daugiachromoforines sistemas yra palygin-
ti lengva modeliuoti. Vieno eksitono juostos biisenas daznai galima suskai-
Ciuoti analitiskai ar skaitmeniSkai diagonalizuojant hamiltoniana. Aukstesnius
rezonansus, kuriuos galima pasiekti trecios eilés spektroskopijoje, irgi galima
suskaiCiuoti. Arba analitiskai paprastiems J agregatams arba skaitmeniskai tai-
kant, pavyzdziui eksitono-eksitono skaidos metoda (NEE aprasyme), ar vadi-
namu “brute force” skaitmeniniu diagonalizavimu.>$13,

Stipriai suzadinty rezonansy modeliavimas netiesinéms sistemos yra labai
sudétingas. Skleidimas eilémis ir besisukanc¢ios bangos aproksimacijos ne vi-
sada yra taikytinos. Kaip pavyzdziui EEA procesui®%2%:51:34.62 " Jej suzadintos

biisenos uzpildos dinamika aprasoma tokio tipo lygtimi (a 7 1):

dn o
— =— 22

Frimiti (22)
kaip ir yra EEA atveju, ¢ia n yra suzadinimy koncentracija/uzpilda, v - EEA

parametras. Tada sprendinys,

n(t) = ! (23)

1
(% + (o — 1)’yt> (=)
o

ilguose laikuose, yra funkcija, kurios negalime efektyviai iSskleisti konverguo-
jancia eksponenciy eilute. Kai v > 1 (Siame darbe laikome EEA o = 2; bend-
rai §is parametras nebiitinai sveikas skaicius) turime, kad sprendinys turi ilga
uodega, kuri gesta lé¢iau nei eksponentiné funkcija. Tokia funkcija uzges pil-
nai tik begaliniame. Tokiu atveju stebimy dydziy skai¢iavimui galime naudoti
tik skaitmeninius lyggiy sprendinius, kurie apraso procesus*/.

NEE lygciy lankstumas kartu su jvairiomis skirtingomis aproksimacijomis
leidzia sugeneruoti daugybe modeliy, kurie gali biiti pritaikyti jvairiems mode-
liavimo uzdaviniams.

Mes isskiriame modelius pagal kurioje bazé¢je apibrézti (saitingje ar eksito-
ninéje bazése). Kita atskirtis yra pagal kaip susitvarkoma su aukstesnés ei-
lés iSsifazavimo ir relaksacijos nariais. Lygtys yra skaitmeniSkai nestabilios
su aukstesnés eilés relaksacijos nariais pauliony atveju, nes pilnas relaksacijos
nariy iSvedimas neatsizvelgia | sistemos bozoniskuma ir paulioniSkuma.

Papildimas suskirstymas j saiting ir eksitoning bazg i§ pirmo zvilgsnio gali
atrodyti beprasmis. IS principo bazés pakeitimas neturéty keisti skaic¢iavimo
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rezultaty. Bet tai leidzia taikyti skirtingo pobtdZzio aproksimacijas, bei pasi-
zymi skirtingomis skaitinio modeliavimo stabilumo savybémis, nes eksitonai
yra sistemos hamiltoniano tikrinés busenos. Kadangi EEA yra apibrézta saiti-
néje bazéje, tuo tarpu iSsifazavimas ir relaksacija - eksitoninéje bazéje, bazés
pakeitimas nekeicia skai¢iavimo kasty augimo nuo saity skaiciaus.

Nedidelé pasirinkty modeliy apzvalga yra pateikta lentelése [Il, P ir B

Rezultaty apZvalga

Tesiamas darbas nuo”, kur mes i$plétéme Netiesines eksitony lygtis3%4C

jtraukdami eksitono-eksitono anihilacijos narius. Ten buvo suskai¢iuoti mo-
lekulinio dimero zadinimo zondavimo spektrai taikant NEE lygtis. Tai leido
kiekybiskai apraSyti sistemoje koherentinius ir nekoherentinius procesus kaip
funkcija nuo Zadinimo intensyvumo. akivaizdis sekantys Zingsniai buvo tir-
ti lygCiy pritaikyma didesnéms molekulinéms sistemoms, bei didesnés eilés
netiesiniy spektry skaic¢iavimams. Taip pat dar papildomas galimybé buvo api-
bendrinti lygtis ir paulionams ir bozonams su parametru, kuris leidzia tolydziai
pereiti i§ vieno apraSymo j kitg. Toks apra§ymas yra vertingas, nes molekuli-
niy elektroniniy suzadinimy tarpiné statistika grieztai neseka nei bozono, nei
pauliony statistikos. Eksitony bazéje apraSome 4 skirtingas NEE realizacijos,
kurios jgalina efektyvius signalo skai¢iavimus.

Ivairiy faktorizacijos modeliy poveikis netiesiniams sugerties spektrams

Pritaikome jvairias faktorizacijos schemas tiesiniam molekuliniams agrega-
tui sudarytam i§ septyniy molekuliy. Atlieckama analizé su keletu skirtingy za-
dinimo intensyvumo verciy, taip iSrySkinant netiesinius reiSkinius ir sugerties
spektre. Tai leidzia istirti, kokj poveikj turi kiekvienos faktorizacijos schemos
taikymas.

Pirma mes apzvelgiame rezultatus, kai lygtys yra be EEA nariy. Pradedant
su trimis paprasc¢iausiais modeliais: apribotos koherentinés biisenos, tiesiogi-
nés faktorizacijos ir tik 3 eilés nefaktorizuotu modeliai. Su §iais modeliass
suskai¢iuojame nuo zZadinimo intensyvumo priklausancius sugerties spektrus.
Modeliai elgesi labai skirtingai, kai didinamas zadinimo intensyvumas. Ap-
ribotos koherentinés biisenos modelio atveju, didinant Zadinimo intensyvuma,
atsiranda antra juosta. Sig juosta galime susieti su suzadintos biisenos suger-
timi (ESA), atsirandancia, kai suzadinti eksitonai suzadinami j dar aukstesnj
lygmenj. Si ESA juosta auga létai lyginant su kitas modeliais nes, koherentis-
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1 lentelé: NEE faktorizavimo modeliai.

Modelis

Pagrindinis principas

Apzvalga

Pilna faktorizacija

Viskas faktorizuojama
iki maZiausio
strukttrinio elemento

Apraso sukabintus
netiesiniu osciliatorius
ir dar lygtyse yra
netiesiSkumy.
Skaic¢iavimo kasty
atzvilgiu, pats
pigiausias modelis.
Skaic¢iavimo kastai
auga, kaip 2 laipsnio
funkcija nuo
molekuliy skaiciaus.

Apribotos
koherentinés biisenos
faktorizacija (coh)

Jei sistema iSlieka
koherentiné, banginés
funkcijos apraSymas
galioja, sujungtiniai ir
nesujungtiniai
operatoriai
evoliucionuoja
nepriklausomai.

Atrodo dalinai
atkartoja aukstesniy
eiliy faktorizacijy
rezultatus, bet ESA
Soniné juosta yra daug
silpnesné ir labiau
paslinkta. Su EEA
nariais labiau
supanaséje su
aukstesniy eiliy
faktorizacijy
rezultatais.
Skaic¢iavimo kastai
auga, kaip 4 laipsnio
funkcija nuo
molekuliy skaiciaus.

Tiesioginé
faktorizacija (s)

Islaikome o ir
naudojame
G = (1 - 2775'1;1)) kaip
uzZuoming
faktorizacijai.
ISlaikydami o
i§laikome vyksmus
susijusius su uzpilda,
kurie gyvuoja daug
ilgiau nei
koherentiskumai.

Skai¢iavimo rezultatai
yra keisti ir elgesi
kitaip lyginant su

kitais modeliais. Néra

ESA Soninés juostos, o
pagrindiné smailé

Siame modelyje
stipriais slenka nuo
zadinimo impulso
intensyvumo.
Skaic¢iavimo kastai
auga, kaip 4 laipsnio
funkcija nuo
molekuliy skaiciaus.
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2 lentelé: NEE faktorizavimo 5 eilés modeliai.

Modelis

Pagrindinis principas

Apzvalga

Penktos eilés zo

ISlaikyti trecig eile ir
faktorizuoti aukStesnés
eilés narius j uzpildos
narius nei$laikant
operatoriy eiliSkumo.

Didesni skai¢iavimo
kastai, nes yra reikalingi
z relaksacijos nariai.
ESA Soningés juosta
stipriai slenka nuo
zadinimo intensyvumo.
Skai¢iavimo kastai auga,
kaip 6 (4 jei naudojama
paprastesné z
relaksacija) laipsnio
funkcija nuo molekuliy
skaiciaus.

Penktos eilés zz

ISlaikyti trecig eile ir
faktorizuoti aukStesnés
eilés narius didziausiais
galimais nariais. I$laiko

daugiau dviguby
koherentiskumy nariy.

Didesni skai¢iavimo
kastai, nes yra reikalingi
z relaksacijos nariai.
Elgesi keistai atsiranda
neigiamas signalas
netiesingje sugertyje.
Skai¢iavimo kastai auga,
kaip 6 (4 jei naudojama
paprastesné z
relaksacija) laipsnio
funkcija nuo molekuliy
skaiCiaus.

Penktos eilés zn

I8laikyti trecig eilg ir
faktorizuoti aukstesnés
eilés narius su polinkiu j
populiacijos narius,
i8laikant struktiirg, kuri
atsiranda iSvedant NEE
ir naudojant
g = (1 - 277&1)1)) kaip
uzuomina
faktorizavimui.

Didesni skai¢iavimo
kastai, nes yra reikalingi
z relaksacijos nariai.
Su $iuo modeliu
rezultatai atrodo
geriausiai. Skaiiavimo
kastai auga, kaip 6 (4 jei
naudojama paprastesné
z relaksacija) laipsnio
funkcija nuo molekuliy
skaiciaus.
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3 lentelé: NEE modeliai eksitony bazéje.

Modelis

‘ Pagrindinis principas

Apzvalga

Eksitony bazé (Ex)

taikyti papildomas
aproksimacijas ir
turéty buti
skaitmeniskai
stabilesné.

Eksitony bazés jgalina

eksitoningje bazéje yra
maziau osciliuojanciy

koherentiskumai gesta.
Jei EEA nejskaitomas,

Geresnis skaitinis
stabilumas, nes

nariu ir

lygéiy skai¢iavimo
kastai mazesni
eksitony bazéje.
Leidzia papildomas
aproksimacijas
atmetant tamsias
bisenas ir
modeliuojant tik
Sviesius eksitonus.
Skaic¢iavimo kastai
auga, kaip 6 laipsnio
funkcija nuo
molekuliy skaiciaus.

Perslopinta eksitoniné
bazé (OD)

Eksitoninéje bazéje
koherentiskumai
gyvavimo laikas

trumpas. Atmetant

galima zenkliai
sumazinti.

koherentiskuma lygtis

Lyginant su paprastu
eksitoniniu modeliu,
ESA juosta yra labiau
paslinkta. Skai¢iavimo
kastai auga, kaip 4
laipsnio funkcija nuo
molekuliy skai¢iaus.
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kumai gyvuoja trumpai ir aukStesnés eilés nariai slopinami Sioje faktorizacijo-
je. Tuo tarpu tiesioginés faktorizacijos atveju, kur turime islaikytus uZzpildos
narius, néra papildomos juostos, tik Siuo atveju bendra sugerties juosta slenka
] didesnes energijas, kai didiname zadinimo intensyvumg. Taip pat stebimas
juostos formos pokytis, visa juosta yra tarsi pakrypusi j auksStesnés energijos
pus¢. Aukstesnés energijos Sonas statéja didinant Zadinimo intensyvuma, tuo
tarpu Zemesnés energijos Song plokstéja. Trecios eilés modelis elgesi panasiai
kaip ir apribotos koherentinés biisenos modelis. Tuo tarpu, ESA juosta yra zen-
kliai siauresné¢ ir daug intensyvesné. Efektai susieti su Zadinimo intensyvumo
labiau pasireiskia paulionams, kuriy lygtyse yra daugiau netiesiniy nariy.

Toliau palyginame modelius, kur faktorizacija buvo taikyta 4-tos eilés na-
riams. Palyginant sugerties spektrus, visi elgesi kaip 3 eilés modelis, to pa-
sekoje matome - 4-tos eilés nariy indélis yra mazas. To prieZastis, 4-tos eilés
lygciy nariai neprisideda “tiesiogiai” prie poliarizacijos, kur yra 3 eilés netie-
sinis narys z yra viduje b ir 5 eilés narys yra z viduje. Visi lyginés eilés yra
atsakingi uz Suolio dipolinio momento pernormavima.

Pereinant prie modeliy, kur buvo faktorizuoti 4 ir 5 eilés nariai. Turime 3
atskiras faktorizacijos schemas: zob modelis, 225 modelis, ir zn5 modelis.
Lyginant §iy modeliy netiesinius sugerties spektrus, stebimi zenkliis skirtumai,
kurie ry$kéja didinant Zadinimo intensyvuma (pav. f). Tagiau stebime bendra
ypatybe - ESA juosta, kuri augi didinant zadinimo intensyvuma. Siuo atveju
ESA amplitudé yra Zenkliai mazesné lyginant su 4-eilés ir tuo paciu 3-eilés
atveju. Be to pastebime reiskiniy pastebéty mazos eilés modeliams pasireis-
kimg: zo'5 modelis, kur dominuoja uzpildos, ESA smailé slenka link didesniy
energijy, kai didinamas zadinimo intensyvumas. Tai atkartoja tiesioginés fak-
torizacijos savybes, kur slinko visas spektras. Tuo tarpu zz5 modelio rezulta-
tai elgesi keistai. Tai vienintelis modelis, kurio sugerties spektruose stebima
neigiamo intensyvumo sritis. Tai biity galima interpretuoti kaip stimuliuotos
spinduliuotés indélj. Modelis znb elgesi, kaip bty tikimasi ir rodo panasia
sugerties elgsena, kaip ir ketvirtos eilés modeliai, bei trecios eilés modelis.

Toliau lyginame visus tuos pacius modelius, bet dabar su anihiliacijos na-
riais. Paprastuose modeliuose jtraukus EEA narius stipriai iSplinta ESA juos-
ta. Tiesioginés faktorizacijos atveju su EEA vis dar matomas spektro slinki-
mas didinant Zadinimo intensyvumg. Nedidelis jdubimas spektro Sone, esant
dideliam Zadinimo intensyvumui yra indukuotos emisijos Zenklas. Tai galima,
pauliony atveju, matyti zz5 modelio spektre (Pav. f). Apribotos koherentinés
biisenos faktorizacijos atveju ESA juostos intensyvumas zenkliai sumazéjo. O
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2 pav.: J agregato sugerties spektrai skirtingiems faktorizacijos modeliams be
EEA, esant skirtingiems zadinimo lauko intensyvumams. Vertikalioje
aSyje pateiktas optinis tankis, horizontalioje - daznis, o legendoje - Za-
dinimo intensyvumas.
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z3 modelio atveju sugerties spektras labiau isplites, su zenkliu ESA peciu.
Ketvirtos eilés elgesi panasiai su EEA nariais, atkartoja 23 modelj. Su EEA
nariais skirtumai tarp modeliy tapo mazi.
Su anihiliacijos nariais skirtumai tarp 5 eilés modeliy yra daug mazesni (Pav.
B) ir lyginant su 4 eilés modeliais. Didelis juostos iplitimas paslepia skirtumus
tarp 4 ir 5 eilés faktorizacijos modeliy.

NEE taikymas dideliems molekuliniams agregatams

Kitas zingsnis yra i$tirti NEE taikyma dideliems molekuliniams agregatams.
Tyrima atlikome skai¢iuodami zadinimo zondavimo spektrus. “Didelis” néra
konkretus dydis, todél tai siejame kokio dydzio agregatas yra dar suskaiciuoja-
me skaitmeniniais metodais per praktiskai naudinga laiko trukme. Sioje dalyje
mes tyrimg apribojame taikydami aproksimacija modeliuodami tik dalj siste-
mos eksitoninéje bazéje, nes eksitonai yra delokalizuotos biisenos turin¢ios in-
délj is visy molekuliy, parinkdami tik Sviesius eksitonus(nenuliniu Suolio dipo-
liniu momentu). Tik dalies eksitony modeliavimg pagrindziame atkreipdami
démes;j | J agregaty savybes. J agreguose dél simetrijos tik Zemiausios ener-
gijos eksitonas turi Suolio dipolinji momentg. Todél Sis Sviesus eksitonas turi
svarbiausig vaidmenj spektruose. Bet kiti vyksmai, tokie kaip energijos per-
nesimo turi netiesioginj poveikj spektrams. Todél visos sistemos apribojimas
] vieng eksitona, kai, pavyzdziui, visa sistema yra sudaryta i§ 50, gali duodi
nefizikinius rezultatus.

Dar kitas buidas sumazinti skai¢iavimo kastus yra atmesti narius, turint ome-
nyje koherencijy tipo nariai turéty greitai gesti ir uzpildos gyvuoti ilgiau. Taip
turime perslopintg modelj (OD).

Palyginsime skirtingus teorijos lygius, kurie atitinka skirtingus lyg¢iy rinki-
nius. Tai bus modeliai Ex, Ex-R, OD, OD-R.

Pilny eksitoniniy modeliy palyginimas

Pirmiausiai mes palyginame suskaiciuotus sugerties spektrus, naudojant Ex,
Ex-R, OD ir ODR modelius, su dviem skirtingais zondavimo impulso intensy-
vumais. Kai zadinimo intensyvumas mazas, eksitony uzpilda yra o4, ~ 1074
Skai¢iavimai jskaito netiesinius indélius: eksitony statistika, anharmoniSkuma
ir EEA. Parodome, kad visy modeliy sugertys yra identiskos, kai Zadinimo in-
tensyvumas mazas. Taip patvirtiname, kai esame tiesiniame rezime, skirtumai
tarp modeliy nykstami.
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3 pav.: J agregato sugerties spektrai skirtingiems faktorizacijos modeliams su
EEA nariiais, esant skirtingiems zadinimo lauko intensyvumams. Ver-
tikalioje aSyje pateiktas optinis tankis, horizontalioje - daznis, o legen-

doje - Zadinimo intensyvumas.
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Zadinimo zondavimo spektras, atvaizduoja tre¢ios ir didesnés eilés netiesis-
kumus. Parodo nukrypimus nuo sugerties spektro dél zadinimo impulso povei-
kio prie§ zondavimo impulso. Siame darbe visi Zadinimo zondavimo spektrai
suskaiciuoti su 1ps vélinimo trukme. Taip pat parinkome, taip kad Zadinimo
impulsas yra 2500 intensyvesnis uz zondavimo impulsg. Netiesinis spektras
pasalina tiesing spektro komponente i§ signalo. Nors skirtumai tarp sugerties
spektry buvo nykstami, skirtumai tarp Zadinimo zondavimo spektry (ypa¢ ESA
juosta) yra zenkliis (Pav. H). Pagal teorija spektras yra sudarytas i§ 3 kompo-
nenciy: i8blySkimo, suzadintos biisenos spinduliavimas ir suzadintos biisenos
sugerties (ESA). Kadangi J agregatuose $viesiis eksitonai yra zemiausios ener-
gijos eksitonai, sugeriancios ir spinduliuojancios buisenos yra tos pacios. Todél
iSblyskimas ir suzadintos biisenos spinduliavimo indéliai persidengia su sudaro
neigiamg juostg ties 16400 cm~'. O ESA yra spektro regione nuo 16500 cm ™!
iki 17000 cm™'ir priklauso nuo modelio.

Su visais modeliai stebima neigiama juosta, kuri yra nejautri skai¢iavimo
modelio pasirinkimui. ISblySkimui tai yra akivaizdu, nes $i juosta turéty apy-
tiksliai atitikti sugertie spektrg su neigiamu intensyvumu. O suzadintos biise-
nos spinduliavimas, yra netiesiné komponenté. Bet yra susieta su viengubai
suzadinty eksitony charakteristikomis ir nepriklauso nuo modelio pasirinkimo.

ReikSmingi skirtumai tarp modeliy atsiranda suzadintos biisenos sugertyje
(ESA), kurig sukelia trecios eilés nariai (z ir su juo susij¢ nariai), kai EEA né-
ra jtraukta. lyginant bozoninj (n = 0) ir paulioninj modelj (n = 1) matyti
skirtinga ESA piko padétis. Paulioniniame modelyje ESA pikas yra labiau pa-
sislinkgs lyginant su bozononiu modeliu. O tarpinis atvejis (7 = 0.5) duoda
tarpinius ESA piko poslinkius. Lyginant OD ir Ex metodus, matyti, kad OD
modelio atveju ESA juosta tendencingai yra labiau pasislinkusi j aukstesniy
energijy sritj. Taip pat matome, , kad supaprastinti -R relaksacijos modeliai
rodo platesnes ESA juostas lyginant su pilnesniu relaksacijos apraSymo.

Kai EEA yra jjungta (2-0ji eiluté, Pav. H), Zadinimo zondavimo spektrai
spektrai gesta didéjant vélinimo laikui, o linijy formos kinta. I$blyskimo sig-
nalas jgauna kairjjj ir desSinjjj ,,petj* (paveiksle pazyméta rodyklémis), kaip bu-
vo stebéta jau dimerui?, ir pats isblyskimas tampa siauresnis. Tuo tarpu ESA
juosta gesta sparciau nei iSblyskimo juosta.

ESA (suzadintos busenos sugerties) padétis priklauso nuo pasirinkto mode-
lio. Ex modelis — iS§samiausias, apimantis daleliy koreliacijas ir relaksacija. Jis
labiausiai atitinka koherentines sistemas, kuriose relaksacija yra silpna. Ka-
dangi buvo atliktos tam tikros faktorizacijos, tai gali paveikti ESA piko padétj
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4 pav.: Zadinimo zondavimo spektrai 7 molekuliy agregatui, esant stipraus Za-
dinimo salygoms ir vélinimo laikui 1 ps: pirmoji eiluté — anihilia-
cijos parametras kg = 0, t. y. EEA nejtraukta. Antroji eiluté —
ko = 1000 cm~!, t. y. EEA stipriai aktyvi. Skai¢iavimai pagal Ex
metodg paulionams atlikti jtraukiant tik 5 Zemiausias eksitonines bi-
senas, ko visiSkai uztenka atkurti signalui. Vertikalioje aSyje pateiktas
optinis tankis, horizontalioje - daznis, o legendoje - modeliai.
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esant dideliam intensyvumui, kai turéty formuotis trigubi suzadinimai, kuriuos
atmetéme lygtyse dél paprastesnés spektry analizes. EEA sloping eksitony lygj
iki vieno eksitono, todél aukstai suZzadintos eksitoninés rezonansinés biisenos
tampa maziau reik§mingos. Tokiu atveju daugiaeksitoniniy kintamyjy fakto-
rizacija tampa labai svarbi. Ex-R modelis papildomai dar numato greitg dau-
giacksitonés konfigiiracijos relaksacija, kas lemia papildomg ESA i$platéjima.
OD modeliai taikomi sistemoms, kuriose vyksta greita relaksacija — visos savy-
bés apraSomos viengubai suzadinty eksitony juostoje per nekoherentinius ek-
sitony perSokimus (difuzija). Tokiu atveju ESA juostis atspindi vieno eksitono
rezonansus. Taciau tokiose sistemose, net ir pasalinus daug koherencijos tipo
nariy signalo informacija i§saugoma. Todél vietoj pilny Ex modelio skaiciavi-
muy, kuriy sudétingumas yra NO, skai¢iavimai gali biiti reik§mingai sumazinti
iki N4.

Redukuotas eksitony modelis

Lyg¢iy skaiGiaus didéja bent kaip N4 OD modelyje, o Ex modelyje — N6,
kur N yra molekuliy skai¢ius. Tai tampa neiSsprendziama dideléms sistemoms
su tiikstanéiais molekuliy®%3. Ankstesniame poskyryje nagrinétas 7 chromo-
fory agregatas yra palyginti nedidelé sistema, leidzianti atlikti pilng Ex modelio
skai¢iavimg. Taciau daug didesnéms sistemoms tokie skai¢iavimai tampa ne-
galimi ir palyginti modeliy negalime.

Tam tikriems molekuliniams agregatams visa didelé sistema gali biiti apra-
Syta tik keletu eksitoniniy biiseny®®. Pavyzdziui J agregatai, kuriuose tik kelios
Zemiausios energijos eksitoninés biisenos turi nenulinj Suolio dipolinj momen-
tg. Todél NEE galime apriboti tik keletu Sviesiy eksitony ir su jais susietus
kintamuosius. Aukstos energijos eksitonai J agregatuose daznai niekada ne-
turi reikSmingos uzpildos, todél su jais susietus kintamuosius galime pasalin-
ti. Taciau tai jmanoma tik eksitoninéje bazéje, nes eksitonai yra kolektyviniai
virpesiai ir tarpusavyje saveikauja tik per sistemos netiesiSkumus bei relaksa-
cija/persokimus. Siuos procesus biitina jvertinti, kai atmetinéjame aukstesnés
energijos eksitonus. Todél anksciau pateikti skai¢iavimai gali biiti pernelyg
apibendrinti, nes reik§Smingy kintamyjy yra dar maziau.

Pirmiausia, paimame musy 7 chromofory sistemg ir parodome, kaip grei-
tai spektras konverguoja didinant jtraukiamy eksitony skaic¢iy. Mes eksitonus
jtraukiame i§ eilés nuo zemiausios energijos link aukstesnés. Matome, kad nau-
dojant tik 1 eksitona, kuris yra ryskiausias, spektruose jau matomos isblyskimo
ir ESA savybés, ta¢iau ESA padétis pasislenka nuo pilnos 7 eksitony sistemos
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(Pav. @). Isblyskimo ir spinduliavimo nariai visai nesikei¢ia. O ESA inten-
syvumas yra Siek tiek didesnis. DidZiausi nukrypimai pastebimi Ex modelyje.
Didinant eksitony skaiciy galima matyti, kad spektrai konverguoja labai grei-
tai. Spektrai susikonvergava jau jtraukus tik t 3 eksitonais. Tai reiskia, kad tg
patj rezultatg galima gauti su Zenkliai mazesniais skai¢iavimo kastais.

Norint suprasti, koks yra pritaikomumas didesnéms molekulinéms siste-
moms, toliau atlikome skai¢iavimus sistemoms sudarytoms i§ 15 ir 50 chro-
mofory Visi teoriniai modeliai konverguoja panasiai, todél skaiCiuojame tik
OD-R modelj. Sis modelis didesnéms sistemoms generuoja zadinimo zondavi-
mo spektrus, kurie labai artimi pilnesniems modeliams, tuo tarpu skai¢iavimo
kastai yra daug mazesni. Lyginant su 7 molekuliy atveju, pastebimas labiau
iSreiks$tas intensyvumo amplitudés skirtumas tarp skirtingy modeliy esant skir-
tingoms 7 reikSméms. Ir taip pat kaip ir su mazesnémis sistemomis spektrai,
nuo eksitony skaiciaus, konverguoja labai greitai.

50 mazgy sistemoje spektrai taip pat konverguoja, taciau Siuo atveju nebega-
lime apskaiciuoti visos 50 eksitony sistemos. Todél negalime dalinés sistemos
skaiciavimo rezultaty palyginti su pilnos sistemos. Jdomu tai, kad didéjant mo-
lekuliy skaiciui ESA padétis tampa nepriklausoma nuo 7 reikSmés. Taip grei-
Ciausiai yra dél entropinio efekto, kai kombinaciniai suzadinimai tampa daug
daznesni nei virStonio tipo suzadinimai.

NEE taikymas didelés eilés 2D spektry skai¢iavimui

Siame darbe pritaikéme NEE formalizma 3-ios ir 5-os eilés 2DES signaly
skai¢iavimui. Sioje analizéje apribojame dimero ir trimero sistemomis. Sie-
kiant i$skirti stipriai netiesines 2D signaly komponenters, taikéme fazés modu-
liavimo metoda 4.

K 1 — K. 2 + K. 3 2DES spektro dinamika paulioniniui chromoforiniam
dimerui

Simetriska J tipo paulioninio dimero sistema turi dvi viengubas eksitonines
biisenas. Siy biiseny energijas skiria 2.J15 tarpas, kuris yra susijgs su rezonan-
sine tarpchromoforine saveika. Be aplinkos, Zemesnés energijos eksitoniné
bisena yra optisSkai aktyvus (Sviesus), o aukstesnés energijos eksitoniné bise-
na yra optiskai neaktyvi (tamsi). Be Siy dviejy bliseny dar turime kombinacing
dviejy suzadinimy biisena, kurios energija yra lygi visy chromofory suzadi-
nimo energijy sumai. Tokiam dimerui, tiesinés sugerties spektre biity viena
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5 pav.: K, — Ky+ K3 2DESJ tipo dimero spektras (J12 = —200 cm™ ') , pau-
lionams, esant skirtingoms, vélinimo trukméms to ir EEA parametro
vertéms. Kiekviena grafikas virSutiniame kairiame kampe turi vélini-
mo trukme; virSutiniame deSiniame - amplitudé, pirmos eilutés atzvil-
giu, kur ji yra lygi 1. Paciame grafiko virSuje yra bendra spalvy juosta,
kurios amplitudé atitinka kiekvieno grafiko amplitudg.
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juosta, atitinkanti Sviesyjj, maZiausios energijos, eksitong.

Trecios eilés netiesiniai spektrai papildomai apima suzadintos biisenos su-
gert] (ESA), kur pasireiskia dviguby eksitony buisenos. Nepersifazuojantis
(X | — Ky + K. 3) 2DES spektras paulioniikam dimerui yra pateiktas (Pav. ).
Siame paveiksle yra pateikti 2DES spektrai su trimis skirtingomis anihiliacijos

! - maza EEA parametro verté,

vertémis: kg = 0 cm™! - be anihiliacijos, 1 cm™
ir 100 cm™! - didelé EEA parametro verté. Reikia turéti omenyje, kad anihilia-
cijos parametro verté néra tiesiogiai susijusi su anihiliacijos laiku, nes procesas
yra neeksponentinis, todél anihiliacijos trukmés negalima priskirti. Kiekvienu
atveju buvo suskai¢iuoti 2DES su keliomis vélinimo trukmémis.

Matomos gerai zinomos trecios eilés savybés dimerui, yra pateiktos kairiame
stulpelyje, esant mazai vélinimo trukmei (Pav. [§). MaZos energijos diagonali
smailé (w; = w3 = —200 cm™ ') atitinka maZos energijos eksitong dimere; ne-
diagonalios smailés parodo sistemos koherentiskumus sistemoje. Nediegonali
smailé (w1 = —200 cm™!, w3 = 200 cm™!), yra priesingo Zenklo nei diago-
nali smailé ir atvaizduoja suzadintos biisenos sugertj. Kita nediagonali smailé
(w1 = 200 cm™!, w3 = —200 cm™') nematoma, nes yra susijusi su tamsiu
aukstesnés energijos eksitonu.

Siuo atveju spektrai mazai keiGiasi nuo ¢, vélinimo laiko. Reik§mingos re-
laksacijos nematyti, nes diagonali smail¢ susieta su maziausios energijos ek-
sitonu. Bet didinant ¢5 vélinimo laikg tampa matoma papildoma nedidelé ne-
diagonali smailé (w; = 200 cm™!, wy = —200 cm™!). Sios intensyvumas
auga dél Siluminés dinamikos. Nors aukStesnés energijos eksitonas yra tam-
sus, didelis zadinimo impulso intensyvumas iSveda sistema i$ trikdziy teorijos
rezimo, tod¢l dalis uzpildos pereina j tamsig bliseng; véliau Sios biisenos 1étai
relaksuoja j Sviesia biisena, todél spektry intensyvumas Siek tiek padidéja net
ir be EEA nariy.

Kai EEA jjungta, mazo anihiliacijos parametro atveju), smailés gesta didé-
jant vélinimo trukmei, o jy formos yra labiau iSplitusios. Padidinus anihilia-
cijos parametra, visos kryzminés smailés tampa ryskesnés lyginant su diago-
nalinémis smailémis trumpuose vélinimo laikuose (t2 = 0.5, 1 ps vélinimo
trukmé), o ilgesniems laikams slopinimas tampa daug stipresnis. Jdomus ste-
bima sgvybé , kad Siuose vélinimo laikuose atsiranda diagonaliné smailé ties
wi, w3 = 4+200 em™! , kuri buvo optiskai tamsi be anihiliacijos. Labai trum-
puose vélinimo laikuose (t2 = 0.01, 0.1 ps) spektras yra Zymiai labiau isSplites.
Ilgesniems vélinimo laikams apatiné diagonaliné smailé i$siplecia pagal w1, 0
i§siplétimas pagal w3 sumazéja iki to paties lygio, kaip ir be anihiliacijos. Tai
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susije su tuo, kad laikui bégant sistema grjZta j zemesnius suzadinimo lygius
(dél EEA), kur smailés yra siauresnés.

Be to, esant dideliam EEA parametrui, Salia suzadintos blisenos sugerties
(ESA) smailéje atsiranda papildoma smailé. Si smailé yra priesingo Zenklo
(mélyna) ir Siek tiek paslinkta ESA). Si nauja smailé yra susijusi su papildomu
kvantinio kelio indéliu. Kur yra trys sgveikos su K5 impulsu. Kai néra EEA,
Sis kelias indélio neduoda.

2K — 2K, + K3 2DES spektry dinamikos paulioniskam
chromoforiniam dimerui

Toliau nagringjame penktos eilés signalg ties 2K| — 2K5 + K. Kadangi
anihiliacija yra penktos eilés procesas optinio lauko atzvilgiu, ji turéty turéti
labiau iSreiksta poveik] signalui ties 2K — 2K, + K3, kai lyginame su signalu
ties K_zl — K_:Q + K_::g 071.68.04

Taciau eksitoninis dimeras yra labai netiesiné sistema net ir be EEA. Penktos
eilés signalas atsiranda ir esant x = 0 dél Pauli draudimo principo. Sio atvejo
spektrai, kai EEA isjungtas yra parodyti [ paveikslo pirmame stulpelyje.

Lyginant 2K 1 — 2K: 9+ K 3 Ir K 1 — K. 2+ K. 3 signalus chromoforiniam di-
merui, pastebime paulioni§kumo efektus: paulionai draudzia dviguba suzadi-
nimg viename chromofore, todél signalo smailés atsiranda ties (w1 = 0 cm™!,
w3 = 4200 cm™!), kas rodo dvigubo eksitono buvima, sukurto per 2K suza-
dinimg. Laikiné evoliucija yraléta. Yra matomas bendras smailiy intensyvumo
gesimas. Sis gesimas yra dél supaprastinto Markovinio relaksacijos modelio.
Supaprastintas relaksacijos modelis per daug stipriai gesina daugiaeksitonines
koherencijas, Siuo atveju z kintamajj.

Kai EEA jjungta (antras [ paveikslo stulpelis), atsiranda keli svarbis poky-
giai. Pasirodo papildomos smailés ties w; = —400 cm™! , w3 = 4200 cm ™.
Sios struktiiros ties w; = —400 cm™ ! gali bti siejamos su maZesnés energijos
dvigubo eksitono suzadinimu. Nepaisant, kad nei viengubo eksitono biisena,
nei dvigubo eksitono biisena ties —400 cm ™! neegzistuoja. Lyginant su smai-
lémis ties w; = 0, $iy naujy smailiy intensyvumas didéja didinant vélinimo
trukme, . Tai yra susij¢ su EEA procesu, sistemos zadinimo metu. EEA yra lo-
kalus chromoforinis procesas, kuris tikétina pasalina eksitony nustatytas simet-
rijas net zadinimo impulsy veikimo metu. D¢l to, veikiant 2K, (dvi sgveikos su
lauku), eksitonai yra sukuriami du kartus, todél gaunamas dvigubas eksitoninis
koherentiskumas. Sis reiskinys yra grynas NEE formalizmo bruozas.

Esant dideliam EEA (tre¢ias | paveikslo stulpelis), visos smailés signale
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6 pav.: 2K, — 2Ky + K3 2DES spektrai j tipo dimerui (Ji2 = —200 cm™)

paulionams, esant skirtingoms vélinimo trukmeéms ir jvairioms EEA pa-

rametro vertémis. Zyméjimai paaiskinti Pav. .
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silpsta, taCiau nevienodai kintant vélinimo trukmiai. Struktiiros ties wy =
—400 cm~'yra intensyvesnés, bet greitai suyra; kiti bruozai apskritai yra pla-
tesni, taciau ilgesniais vélinimo laikais Sie susilpnéja ir susiauréja asyje ws.
Ilgiems vélinimo laikams linijy formos, lyginant su atveju be EEA yra ryskiai
iSkraipytos.

Taip pat esant dideliam EEA, atsiranda smailé ties w; = 4400 cm~!. Sios
smailés kilmé yra ta pati kaip ir smailés ties w; = —400 cm~!. Ta¢iau smailé
ties w; = +400 cm™! yra papildomai susijusi su ,,tamsiojo* eksitono ,,atsive-
rimu. Kadangi EEA yra lokalus chromoforinis procesas, jis ardo eksitoninés
sistemos simetrija ir pakei¢ia eksitony savybes, atverdamas tamsigsias perna-
Sas.

K| — Ky + K. 3 2DES spektry dinamikos trimerui

Paulioninis chromoforinis dimeras yra maziausia sistema, kurioje atsispindi
agregato savybés. Taciau paulioninis dimeras turi tik vieng dvigubai suzadinta
buseng. Didesnése sistemose dvigubai suzadintos biisenos sudaro biiseny juos-
tg. Todél toliau tikriname, ar minétos savybés pastebimos chromoforiniame tri-
mere. Paulionis trimeras teoriskai turi tris dvigubai suzadintas biisenas. Reikia
atkreipti démesj, miisy sistemoje dvigubai suzadinty buseny struktiira yra to-
kia pati kaip viengubai suzadinty biiseny: viena biisena yra ties —400 cm™!, ir
dvi iSsigimosios biisenos +200 cm™'. Tik Zemiausios energijos eksitonas yra
optiskai aktyvus. 2DES spektre, kai kg = 0 matome vieng diagonaling smailg
ir suzadintos biisenos sugertj ties w3 = 0 cm™! | rodan¢ig chromofory kohe-
rencija. Didelio ¢5 vélinimo metu, kaip ir dimerui, atsiranda kryZzminé smailé
ties w; = 0 cm™!. Jjungus EEA, pradeda reikstis smailiy gesimas. Padidinus
anihiliacijos parametrg, gesimas vyksta sparciau (ypac diagonalinios smailés),
o kryzminés smailés iSryskéjelabiau. Taip pat kaip ir buvo dimero atveju, sa-
vybés, kurios be EEA buvo uzdraustos, vél yra sustiprinamos EEA, kuri ardo
eksitoninis simetrijas.

2K; — 2Ko + K. 3 2DES spektry dinamika trimerui

2K 11— 2K 2+ K 3 2DES spektras trimerui i§ esmés atkartoja ypatybes, kurias
stebéjome dimerui. Esant nulinés anihiliacijos atvejui, signalas yra iSsidéstes
ties w; = —400 cm™!, kas atitinka Zemiausios energijos eksitono sukiirima.
Smailé ties w3 = —400 cm™! atitinka maZiausios energijos eksitona, o ties
w3 = 0 cm™! — koherentiskumga tarp vienguby ir dviguby eksitony.
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Didziaja dalj spektro lemia vienas ryskus eksitonas, nes bendros savybés
primena dimera. [jungus anihiliacija, smailés gesta greiciau, ir atsiranda papil-
domy spektriniy smailiy ties w; = —800 cm™'. Tai atkartojg tendencija, kuri
buvo matyta dimero atveju, kur tuo atveju buvo ties w; = —400 cm~!. Sie po-
zymiai atsiranda tose padétyse, kur vyksta dvigubas Sviesaus eksitono suzadi-
nimas. Anihiliacija, kai ir kitais atvejais, sukelia eksitony simetrijos pazeidima
suzadinimo metu ir eksitonai pakartotinai suzadinami. Esant dideléms anihi-
liacijos parametry vertéms, linijy formos ties w3 tampa iSplaukusios. Esant
trumpai vélinimo trukmei smailés yra iSpléstos simetriskai, tuo tarpu ilgéjant
vélinimo trukmei piky intensyvumai persiskirsto dél netolygaus anihiliacijos
poveikio visame eksitony juostos diapazone.

2DES spektrai bozonams

Toliau pateikiame tuos pacius spektrus, kurie buvo skaiciuoti ir pauliony at-
vejui, bozonams. Dimerui, K, — Ky + K3 bozoniniame spektre pagrindinis
skirtumas nuo pauliony atvejo yra tas, kad kryZminés smailés, kurios susiju-
sios su eksitony koreliacijomis, bozony atveju néra matomos. Suzadintos bi-
senos sugerties (ESA) stiprus signalas pasireiskia ties (w1 = —200cm™!, w3 =
0 cm™!) ir yra pasislinkes mazdaug per puse anharmonigkumo parametro vertés

' w3 = —200 cm™!) ; jis susideda

nuo pagrindinés smailés (w1 = —200 cm™
i§ chromoforo vir§toninio suzadinimo ir kombinacinio juostos suzadinimo. Sie
poZymiai yra simetriskai atsikartojami ir ties ties w; = 0. Esant kai néra EEA,
matome nezymy signalo slopinima. Tai yra priesingas elgesys lyginant su pau-
liony atveju, kur buvo stebétas nedidelis augimas. Taip yra, nes bozony atveju,
NEE lygtyse néra nuo uzpildos priklausancio poveikio Suolio dipoliniams mo-
mentams. Tuo tarpu paulionams Suolio dipoliy momenty nariai efektyviai yra
padauginti i§ (1 — 215y, ). Esant dideléms EEA parametro reik§méms, spekt-
rai tampa zymiai platesni ir pasizymi spartesniu signalo gesimu laike. Trimero
atveju Ki—K)+K 3 spektruose matomos tos pacios tendencijos kaip ir dimero
atveju.

ISvados

1. Parodéme kaip galima efektyviai faktorizuoti NEE ir sutrumpinti tikriniy
funkcijy erdvéje. Todél galime efektyviai suskaiciuoti dideliy moleku-
liniy chromofory agregaty stipriai netiesinius spektrus. Labiausiai jautri
netiesinéms savybéms yra suzadintos biisenos sugerties (ESA) smailé,
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kurig reikia tirti siekiant nustatyti sistemos savybes esant stipriam suza-
dinimui.

Kaip jau minéta, faktorizacija yra reikalinga dél riboty skaiciavimo re-
sursy siekiant uzdaryti lygciy hierarchijg. Hierarchija yra begaliné, todél
negali buti tiesiogiai sprendziama. Idealios faktorizavimo schemos néra
- skirtingos schemos pabrézia skirtingus reiskinius. Pavyzdziui, vienas
i§ paprastesniy modeliy, tiesioginés faktorizacijos modelis gali buti tai-
komas jei tik sugerties linijos slinkimas nuo Zadinimo intensyvumo ste-
bimas. Tuo tarpu z kintamoji jtraukimas gali biiti svarbus jei matoma
ESA juosta.

Skirtingos faktorizacijos schemos leidzia atitinkamus lygciy supapras-
tinimus, kas leidzia efektyvesnius ir greitesnius skaic¢iavimus. Papras-
¢iausi lygciy rinkiniai leidzia labai greitus skai¢iavimus. Taciau tam
tikry schemy sprendiniai gali buti nestabiliis, pavyzdziui zz5 modelis
nekonverguoja esant dideliam Zadinimo intensyvumui. Siy nestabilumy
priezastis yra susieta su komutatoriaus simetrijos pazeidimu, kai fakto-
rizuojami aukstesnés eilés nariai. Pavyzdziui (b7b1bb) — (bTb)(b1b) abu
bb ir bTbT isdalinami ir dvigubo suzadinimo savybés, kurios buvo api-
bréztos komutaciniu sarysiu, yra atmetamos. O pavyzdziui (l;T BWBE} —
(bTbTb) (b) yra dalinai pazeidziama ir iSbalansuojami jvairiis nariai, ir to-
kiy lygciy sprendinys tikétina diverguoty.

NEE buvo panaudotos eksitoningje bazéje, toks apraSymas labai efek-
tyvus J tipo agregatams. Tokios sistemos yra patogios eksitoniam mo-
deliui, nes tik maziausios energijos eksitonas yra optiskai Sviesus. Ta-
¢iau aprasyme naudojant tik vieng eksitong turime neteisingg ESA smai-
lg. Jtraukus kelis papildomus eksitonus ESA smailé sukonverguoja. Tai
reiskia dviguby eksitony rezonansai néra biisenos suformuotos tik i§ vie-
no eksitono biiseny sandaugos. Taciau jtraukus tik kelius zadinimo ener-
gijomis artimus eksitonus pakanka atstatyti dviguby eksitony rezonan-
sus. Tai reiskia tik eksitonai, kuriy energijos artimos saveikauja.

Kitas aspektas, kuris prisideda, kodél neuztenka vieno eksitono, yra ek-
sitony §iluminé aktyvacija. Silumingje pusiausvyroje kT ruozas eksi-
tony juostoje turés uzpildas. Todél svarbg turi kiek eksitony patenka j §j
ruoza. Tai yra apibréZzta eksitoninéje bazéje ir netinka naudoti chromo-
fory bazgje.

2. Mes parodéme NEE kartu su nauju komutaciniu sarysiu apibendrintomis
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dalelémis. Mes isbandéme 1 = 0.5 atvejj, kuris yra tarpe tarp paulio-
ny ir bozony. SuskaiCiuoty sprendiniy savybés yra tarpe tarp pauliony
ir bozony savybiy. Suskaiciuotuose sugerties ir Zadinimo zondavimo
spektruose matome, ESA juostos poslinkis yra viduryje tarp paulioninio
ir bozoninio atvejy, kai tarpusavyje lyginame spektrus.

. EEA jtraukimas suvienodina skirtingus modelius. Koherentinés ir tiesio-
ginés faktorizacijos schemos labiausiai i$siskiria nuo kity modeliy. Nors
spektrai supanas¢ja jtraukus EEA, bet zz modelio nestabilumas islieka
esant dideliam zadinimo intensyvumui. Bet tai pasireiskia didesniems
intensyvumams lyginant su variantu be anihiliacijos.

Parodéme, kaip molekulinés sistemos sugerties spektras gali biti pra-
turtintas papildomis savybémis esant dideliam Zadinimo intensyvumui.
Tam reikia spre¢sti NEE taikant neartutinius metodus. Lygtys turi bii-
ti uzdarytos ir tam yra keletas biidy. Jdomiausias variantas, yra stipriai
netiesiniy nariy faktorizavimas NEE lygtyse. Skirtingos faktorizavimo
schemos gali iSryskinti skirtingus procesus, tai gali biiti panaudota spe-
cifiniuose NEE pritaikymuose. Analizé palengvé¢ja jtraukus EEA narius,
nes EEA slopina stipriai suzadinty biiseny formavimasi. Dél Sios prie-
zasties EEA sumazina skirtumus tarp modeliy. Todél NEE su EEA gali-
ma efektyviai taikyti, ir skai¢iavimai priklauso nuo paprasty lygciy.

. 2DES kryZzminés smailés stipriai priklauso nuo EEA parametro: net
smailés, kurios turéty biiti tamsios ir neturéty turéti Suolio dipolio mo-
mento tampa matomos. 2K, — 2K+ K. 3 signale matomos smailés sieja-
mos su draudziamais $uoliais ir dvigubais rezonansais. Sios smailés yra
susietos su nukrypimais nuo trikdZiy teorijos rezimo. Siuo atveju suzadi-
nimas nebiitinai atitinka $uolj tarp konkreéiy sistemos biseny. Zadinimo
proceso metu gali biiti inicijuojami tam tikri rezonansai, kurie seka mo-
lekulines simetrijos atrankos taisykles, o ne eksitony. Taip tamsiuose
eksitonuose sudaro uzpilda. Tada jvyksta relaksacija | $viesias blisenas
ir stebimos nuo laiko priklausancios spektrinés ypatybés nejprastose vie-
tose.

Trikdziy teorijos rémuose, medziagos hamiltoniano tikrinés biisenos (ek-
sitonai miisy modelyje), kai optinis laukas yra i§jungtas, yra stacionarios
busenos; laukas tik sukuria Suolius tarp $iy buseny. Taciau kai iSorinis
laukas yra pastovus tada pilnas trumpalaikis hamiltonianas turi papildo-
mga stacionarig sistemos-lauko sgveikg. Net jeigu medziagos hamilto-

133



nians yra diagonalus (pavyzdziui eksitony atvaizdavime), trumpalaikis
sistemos-lauko hamiltonianas nebuity diagonalus ir jo naujos staciona-
rios biity polaritonai®. Atitinkamai $ios atrankos taisyklés yra kitokios
lyginant su eksitonais.

Misy atveju optinis laukas yra impulsinis, ir Zadinimo metu, kai lau-
kas jjungtas, sistema laikinai pereina j polaritoninj rezimg ir net tam-
siis eksitonai (tamsiis, kai laukas ijungtas) atsidaro zadinimui. Sis si-
metrijos pazeidimas yra susietas su uzpildos poveikiu Suolio dipoliniam
momentui lygtyse ]-10, kur efektyviai esant dideléms uzpildoms turime

pn(t) = (1 = 20000 ) pin (t).

5. NEE kartu su fazés moduliavimo metodu jgalina apibendrintai suskai-
¢iuoti poliarizacija, kuri yra bazinis dydis apibiidinantis jvairaus tipo
spektrus. Pateiktos stipriai netiesinés NEE lygtys kartu su fazés mo-
duliavimo metodu gali biiti taikomos tirti didel¢ spektroskopiniy me-
tody jvairove. Fazés moduliavimas leidzia paprastai atskirti faziy de-
rinimo kryptis. Skaitinis NEE sprendinys iSreikstai atsizvelgia ir | Za-
dinimo impulso savybes; jtraukia ir atsizvelgia | impulsy persidengi-
mo efektus. Pavyzdziui, dél laike nesurikiuoty sgveiky, kurios atsiran-
da dél baigtinés impulsy trukmés, net kai impulsy centrai yra surikiuoti.
Sis metodas buvo efektyviai panaudotas 3-5 eiliy spektry skai¢iavimuo-
se. Pavyzdziui signalui m; K1 + mo Ky 4+ ma K3 reikéty suskaiciuoti
(2|myi|+ 1) - (2|me|+ 1) - (2|ms| + 1) pastumtos fazés éminiy. Tada
taikoma 5D Furje transformacija (2 dimensijos atitinka ¢ ir ¢3, o likusios

yra kiekvienam bangy maiSymosi bangos skai¢iaus vektoriui).
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