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Abstract

Learning about and understanding the mechanisms and pathways of charge and excitation-
energy transfer of natural molecular complexes is a promising approach for the tailored
design of new artificial energy-converting materials. Therefore, next to extensive experi-
mental investigations, a theoretical method that is able to reliably describe and predict
these phenomena from first principles is of practical relevance. In principle, density func-
tional theory (DFT) and time-dependent density functional theory (TDDFT) appear as
natural choices to study the relevant sizable molecules on a first-principles scale at bear-
able computational cost. However, the application of standard local and semilocal density
functional approximations suffers from well-known deficiencies, in particular, as far as the
simulation of charge-transfer phenomena is concerned. The present thesis approaches charge
and excitation-energy transfer with the objective of improving the predictive power and
extending the range of applicability of (TD)DFT.

The deficiencies of standard density functional approximations have been related to self-
interaction. Hence, one major aspect of this work is the extension of the self-interaction
correction in Kohn-Sham DFT that is based on the generalized optimized effective potential
to TDDFT using a real-time propagation approach. The multiplicative Kohn-Sham potential
allows for a transparent analysis of the exchange-correlation potential during time evolution.
It reveals frequency-dependent field-counteracting behavior and step structures that appear
in dynamic charge-transfer situations. The latter are important for the proper description of
charge transfer. Self-interaction correction allows to access many cases that are difficult for
standard TDDFT ranging from chain-like systems over excitonic excitations in semiconduc-
tor nanoclusters to short- and long-range charge-transfer excitations. At the same time, it
does not spoil the reasonable accuracy that already (semi)local functionals exhibit for local
excitations. Moreover, the TDDFT perspective on self-interaction correction sheds new light
also on the ground-state formalism. Complex degrees of freedom in the energy-minimizing
transformation of the generalized optimized effective potential approach yield smoother or-
bital densities that appear more reasonable when inserted into approximate functionals in the
self-interaction correction formalism. This work provides new insight into the use of different
functional approximations. Last but not least, the influence of spin-symmetry breaking and
step structures of the potential on the preference to transfer integer units of the elementary
electric charge between largely separated donor and acceptor moieties is illustrated when
static external electric fields are applied. This work has been reported in three publications
and one submitted manuscript.

In the field of excitation-energy transfer, recent discoveries of quantum coherence effects
shed new light on the mechanisms behind energy-transfer rates. The latter are affected by
a number of different properties of the isolated molecules, but involve also effects due to the
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v Abstract

environment of the system. This thesis addresses excitation-energy transfer phenomena from
two perspectives. First, I use real-time propagation TDDFT to investigate the intermolecular
coupling strength and the coupling mechanism between single fragments of supermolecular
setups. These investigations base on standard closed quantum system TDDFT and exploit
the coherent oscillation of excitation energy between separated molecules after the initial
excitation process. Second, I use open quantum system ideas in the framework of TDDFT
to study the influence of the system’s environment on the energy-transfer time scales and
pathways in a circular arrangement of molecules using an effective energy-dissipation mecha-
nism. The first part of these results is published. The second part is presented in this thesis
and includes work in progress.



Kurzfassung

Ein viel versprechender Ansatz, um kiinstliche Materialien fiir Zwecke der Energieumwand-
lung zu entwickeln, besteht darin, neues Wissen iiber die Mechanismen und Ubertragungs-
wege von Ladung und Anregungsenergie in Molekiilkomplexen, die in der Natur vorkommen,
zu erwerben. Dafiir werden neben umfangreichen experimentellen Untersuchungen auch
Methoden benoétigt, mit denen man solche Phinomene zuverlédssig theoretisch beschreiben
und vorhersagen kann. Prinzipiell bieten sich die Dichtefunktionaltheorie (DFT) und die
zeitabhéngige Dichtefunktionaltheorie an, um Systeme der relevanten Grofe mit tragbarem
numerischem Aufwand ausgehend von physikalischen Grundprinzipien zu untersuchen. Aller-
dings wurden in Anwendungen der DFT mit lokalen und semilokalen Dichtefunktional-
Naherungen Probleme aufgezeigt, die insbesondere in Simulationen von Ladungstransfer-
phénomenen kritisch sind. Daher untersucht die vorliegende Dissertation Ladungs- und
Energietransferphdnomene mit dem Ziel, die Vorhersagen der (zeitabhingigen) DFT zu
verbessern und deren Anwendungsbereich zu erweitern.

Die Probleme, die sich aufzeigen, wenn man herkémmliche Dichtefunktional-N&herungen
verwendet, wurden mit der sogenannten Selbstwechselwirkung in Verbindung gebracht. Des-
halb ist die Erweiterung der Methode zur Selbstwechselwirkungskorrektur, die im Rahmen
der Kohn-Sham-DFT auf dem Verfahren der verallgemeinerten optimierten effektiven Po-
tentiale beruht, auf den Bereich der zeitabhéingigen DFT einer der zentralen Aspekte dieser
Arbeit. Die Erweiterung beruht auf einem Echtzeitpropagationsverfahren und verwendet
ein multiplikatives Kohn-Sham-Potential, mit dem man auf transparente Art und Weise den
Zeitverlauf des Austausch-Korrelationspotentials untersuchen kann. In der vorliegenden Ar-
beit wird aufgezeigt, dass dieses Potential frequenzabhingiges Gegenfeldverhalten aufweist
und sich Stufenstrukturen in Ladungstransfersimulationen aufbauen. Diese Strukturen sind
fiir eine zuverléssige Beschreibung von Ladungstransferphiinomenen wichtig. Dariiber hin-
aus ermoglicht das Selbstwechselwirkungskorrekturverfahren die Untersuchung vieler Sys-
teme, die fiir herkémmliche zeitabhingige DFT als notorisch schwierig gelten, ohne dabei
die Genauigkeit zu verlieren, die bereits (semi)lokale Funktionale bei der Beschreibung lokaler
Anregungen aufweisen. Unter diesen Systemen befinden sich kettenférmige Molekiile, Halb-
leiter-Nanocluster, deren Anregungen als exzitonisch gelten, sowie kurz- und langreichweitige
Ladungstransferanregungen. Weiterhin liefern die Erkenntnisse aus den Untersuchungen der
zeitabhédngigen DFT neue Einblicke in den Grundzustandsformalismus. Die Verwendung von
komplexwertigen Freiheitsgraden zur Bestimmung der energieminimierenden Transformatio-
nen im Verfahren der verallgemeinerten optimierten effektiven Potentiale fiihrt zu glatteren
Orbitaldichten. Diese Orbitaldichten scheinen besser geeignet zu sein, um sie im Rahmen des
Selbstwechselwirkungskorrekturverfahrens in gendherte Funktionale einzusetzen. In dieser
Arbeit diskutiere ich neue Einsichten in die Verwendung unterschiedlicher Naherungen der
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Funktionale. Weiterhin erldutere ich den Einfluss von Spinsymmetriebrechung und Stufen-
strukturen im Potential darauf, ob beim Ladungstransfer durch externe elektrische Felder
zwischen zwei weit entfernten Donor- und Akzeptormolekiilen der Ladungstransfer ganz-
zahliger Vielfacher der Elementarladung bevorzugt wird oder nicht. Die gefundenen Re-
sultate sind in drei Publikationen verdffentlicht und ein weiteres Manuskript wurde bereits
eingereicht.

Im Forschungsgebiet des Anregungsenergietransfers haben aktuelle Erkenntnisse zur Rolle
sogenannter Quantenkohdrenzen neue Einblicke in die Mechanismen des Energietransfers
geliefert. Die relevanten Energietransferraten werden von vielen verschiedenen Eigenschaften
der Molekiile und durch Effekte der Umgebung des Systems beeinflusst. In dieser Arbeit un-
tersuche ich den Anregungsenergietransfer aus zwei Richtungen. Finerseits verwende ich
Echtzeitpropagation im Rahmen der zeitabhingigen DFT, um die Kopplungsstirke und den
Kopplungsmechanismus zwischen zwei einzelnen Molekiilen zu untersuchen. Dieser Studie
liegt eine Herangehensweise zugrunde, die ein geschlossenes Quantensystem benutzt und in
deren Rahmen man kohdrente Oszillationen der Anregungsenergie zwischen den Molekiilen
beobachten kann. Andererseits nutze ich einen Ansatz, offene Quantensysteme in Kombi-
nation mit dem Formalismus der zeitabhingigen DFT zu verwenden, um den Einfluss der
Umgebung des Systems auf die Zeitskala und die Wege des Anregungsenergietransfers zu un-
tersuchen. Ich habe dazu einen heuristischen Dissipationsmechanismus entwickelt und wende
diesen auf eine ringférmige Anordnung von Molekiilen an. Der erste Teil dieser Ergebnisse ist
bereits veréffentlicht, wihrend der zweite Teil Untersuchungen enthélt, die in dieser Arbeit
erstmals prisentiert werden.
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Chapter 1

Motivation

For actually, in spite of the variety of topics involved, the whole
enterprise is intended to convey one idea only — one small comment on
a large and important question. In order not to lose our way, it may be
useful to outline the plan very briefly in advance.

Erwin Schrodinger
What is life? (1944)

Today’s energy demands are a driving force for the investigation of new energy converting
materials, concepts, and devices. In particular, because of world-wide attempts to reduce
pollution originating from conventional power plants and political decisions against nuclear
power generation via nuclear fission, renewable and sustainable energy recovery is a growing
field in industry and academia. In this context, development of methodologies for solar
energy harvesting is inspired by the tremendous efficiency of energy recovery in biological
systems. In recent years, researchers all over the world returned to the original building
blocks of natural light harvesting (LH) systems, and materials and chromophores out of the
toolbox of organic and macromolecular chemistry are experiencing a boom.

A detailed understanding of the mechanisms and pathways of energy recovery in natural
molecular LH complexes is a promising starting point for the tailored design of new artificial
energy-converting materials. Future development in the field of molecular electronic devices
will require a close cooperation of synthetic chemistry, material and device characterization,
and application design. On all stages of this development also theoretical investigations
are needed to support elementary understanding and decision making. In particular, for
a target-oriented design of high efficiency LH materials, it is important to understand the
mechanisms of charge transfer (CT) and excitation-energy transfer (EET) of many single
transfer steps. In multichromophoric supermolecules such as LH systems, the rates of these
mechanisms are affected by a number of different properties and phenomena. In particular,
they involve the interaction between many unique system components and the interplay with
the system’s environment.

A theoretical method that is supposed to provide insight into the physics of technolog-
ically relevant organic materials, therefore, needs to fulfill a couple of criteria: (i) handle
the relevant system size even beyond single multichromophoric molecules, (i) guarantee
reliability of its results, and (iii) provide predictive power beyond standard test systems.
In principle, (time-dependent) density functional theory (TD)DFT appears as a natural
choice to study sizable molecules on a first-principles scale at bearable computational cost.
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However, the validity of (TD)DFT results strongly depends on the underlying approxi-
mations for exchange-correlation (xc) effects. Application of standard local and semilo-
cal density functionals suffers from well-known deficiencies: incorrect dissociation limits
[ZY98], wrong asymptotic behavior of the potential [PZ81], and overestimation of electri-
cal response properties [vGSGT99]. Problems are resported in semiconductor nanoclusters
[ORR02, [OCL97, RLIS, RLO0L VOCO2, VOCO6], where standard TDDFT functionals tend
to underestimate low-lying optical excitations [MCRO1]. Moreover, dynamical properties like
transport characteristics [TFSBO05] are overestimated and one observes an incorrect represen-
tation of CT states [DWHGO3| [Toz03]. Therefore, to guarantee the reliability and predictive
power of (TD)DFT, there is serious need for the improvement of xc functionals.

During this thesis, I focused on the elementary processes of CT and EET, and the
theoretical description of such processes in the framework of (TD)DFT. In particular, I in-
vestigated self-interaction correction (SIC) ideas based on Kohn-Sham (KS) theory and their
application in and extension to real-time propagation TDDFT as one promising approach
to deal with the CT problem. I found that SIC implemented via the generalized optimized
effective potential (GOEP) [KKMO08| and approximations to the GOEP yields polarizabili-
ties, excitation energies, and CT properties in good agreement with reference calculations.
In the field of EET, I developed a tool that uses standard TDDFT real-time propagation
to compute the coupling strength between chromophores in a supermolecular environment.
Further investigations, required an extension of the standard formulation of closed quantum
system TDDFT to open quantum systems that allows for the inclusion of decoherence and
dissipation effects. I investigated such a scheme in the framework of stochastic TDDFT and
demonstrated its applicability to EET in circularly arranged model systems in the spirit of
natural LH systems. This work includes four publications referred to as - and
one submitted manuscript referred to as that are assembled at the back of this thesis.

This cumulative dissertation is organized as follows. Chapter [2] provides an elementary
introduction to DFT and TDDFT including all concepts that are important for this thesis.
I introduce the self-interaction problem, self-interaction correction ideas, and their imple-
mentation in KS DFT and TDDFT in Chap. In Chap. M] T discuss the CT problem
and demonstrate how explicit SIC helps with CT investigations. Finally, I present the in-
vestigations on EET and the coupling mechanism in Chap. p| that comprises unpublished
results and work in progress concerning open quantum system treatment ideas in the TDDFT
framework. Supplementary results and findings are gathered in Appendix [A] Many of the
results required enormous numerical effort that could only be accomplished by performance
enhancement and the implementation of new algorithms to the PARSEC program package.
Therefore, the other chapters [B| to [E] of the appendix give an overview, in parts detailed
explanations, and more insight into the implementations and the practical usage of the new
functionalities. They are supposed to serve as an overview and guide for future PARSEC
users.



Chapter 2

Density functional theory and
time-dependent density functional
theory

The large and important and very much discussed question is:

How can the events in space and time which take place within the
spatial boundary of a living organism be accounted for by physics and
chemistry?

Erwin Schrodinger
What is life? (1944)

Density functional theory and time-dependent density functional theory are the methodologi-
cal basis of this dissertation. They are both in principle exact formulations of many-particle
quantum theory, at the same time providing means to study sizable systems at compara-
bly low computational cost. The numerical advantages of (TD)DFT rest upon its single-
particle representation of many-particle quantum systems using the Kohn-Sham scheme.
Yet, reliability of (TD)DFT results strongly depends on the approximations that are used
for many-particle exchange-correlation effects in this single-particle representation. I give a
short review of the basics of DFT in Sec. However, the main focus of this work is on
TDDEFT. Its basic concepts are introduced in Sec. There, I also discuss the two most
important routes to obtain excitation energies: the TDDFT linear response formalism that
is well-known as the Casida approach and TDDF'T based on real-time propagation of the KS
system. In Sec.[2.3] I explain the idea of using transition densities to investigate the origin of
excitation peaks in the absorption spectra computed with TDDFT methods. I complement
this basic introduction with Sec. on fundamental features of the KS scheme and the
xc potential that are vital background for understanding some of the aspects of this work.
In Sec. I introduce important xc functional approximations. Finally, details about the
numerical realization of this work are provided in Sec. Throught this thesis, I use the
Born-Oppenheimer approximation and consider the electronic sturcture problem only.

For a more detailed discussion of DFT, I recommend the books of Dreizler and Gross
[DGI0] and of Fiolhais et al. [NFMO03|, as well as the review article of Capelle [Cap02].
Recent overviews of TDDFT are provided in the two books of Marques et al. [MUNTQ6]
and [MMNT12|, and in the following review articles [GDP96, MG04, EBF07, [CHRI2].
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CHAPTER 2. DENSITY FUNCTIONAL THEORY AND TIME-DEPENDENT
DENSITY FUNCTIONAL THEORY

2.1 Density functional theory

2.1.1 Basics of density functional theory

Density functional theory in its original formulation is a method to compute ground-state
(GS) properties of a many-particle system without the need to solve Schrodinger’s equation.
Instead, DFT uses the GS density n(r) as its basic variable, thus avoiding to compute the
fully interacting many-particle wave function. This choice of the basic variable amounts
to a drastic reduction of the number of degrees of freedom from 3N coordinates of the
Schrédinger wave function to three coordinates in the density representation. Therefore,
while it is impossible to store the fully interacting wave function of sizable systems, DFT
calculations can in principle be performed with up to hundreds or even thousands of atoms.

The mathematical equivalence of these formulations of quantum mechanics was settled by
Pierre Hohenberg and Walter Kohn [HKG64] in 1964. Today, the basis of DFT is well-known
as the two Hohenberg-Kohn (HK) theorems.

First HK theorem: Given a particle-particle interaction W (r,r’), there exists a one-to-
one correspondence between the electron density n(r), the many-particle wave-function ¥,
and the local external potential vex(r). Thus, the GS Hamiltonian H, the GS wave function
Wy, and all observables of the system are unique functionals of the GS density.

Second HK theorem: The GS energy Ey = E[ng] follows from a variational principle.
It can be computed from the variational equation

JE[n]

on(r)
taking the functional derivative of the energy density functional E[n] with respect to the
density. The energy functional splits into the HK functional and contributions V[n] of the
external potential v(r), i.e., F[n] = Fuk + V[n]. The universal HK functional subsumes the
kinetic and the electron-electron interaction energy 7'[n] and W{n].

Although the HK theorems provide the theoretical framework for a density representation
of quantum mechanics, they do not give any explicit form of the exact HK functional. In
light of the complexity of solving Schrédinger’s equation, finding Fyk can even be considered
intractably difficult [SV09]. Therefore, practical DFT calculations need to rely on reasonable
approximations for Fyk.

=0 (2.1)

2.1.2 Kohn-Sham density functional theory

The final breakthrough of DFT came with a single-particle representation of the many-
particle system, the so-called Kohn-Sham scheme [KS65]. In the Kohn-Sham (KS) approach,
the many-particle problem is mapped onto an auxiliary system of non-interacting particles
that is supposed to give the same density as the true interacting system. Many-particle
effects are covered by an effective local potential. To this end, the KS partitioning of the
total energy gives a good starting point for developing approximations for Fyx and the
related potential contributions. With regard to discussions in the following chapters, I use
the notation of spin DFT [vBH72| with additional spin index o. Atomic units are used
throughout. In this formulation, the total energy of the electronic problem with Coulomb
interaction reads

Elng,ny] = Fak[ne, ny] + Vin] = Ts[{pis[no]}] + Enln] + Exc[ng,ny] + VIn].  (2.2)
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Ts[{pisc[ns]}] is the kinetic energy functional of the N = Ny + N| non-interaction electrons
that are represented by the auxiliary orbitals {¢;s}, i.e.,

1 No
Islivio[no]tl = —5 > Z/@?a[no](r)vgwg[no](r) d’r, (2.3)

o=1,) i=1

and Ey[n| is the classical Hartree interaction
1 n(E)n(’) 5 3
E = d’r dor'. 24
) 2// Ir —r/| rar 24)

The exchange-correlation (xc) energy functional Ey.[ny, n|] includes all many-particle effects
that are not covered by the other functionals. Thus, it is related to Fux[nt, ny),

Exc[ny,ny] = Fax([ny, ny] — Ts[{gic[no]}] — Enlnl. (2.5)

The xc energy functional is the great unknown of DFT and needs to be approximated (see
Sec. . The success of DFT depends on the quality of these approximations. Last but
no least, V[n] considers external fields, e.g., the field of the atomic nuclei. In the following,
any coupling of V[n] to the spin degrees of freedom is disregarded.

Based on the KS energy partitioning, the variational principle of the HK theorems leads
to a set of single-particle Schréodinger equations, the so-called KS equations

2

-5+ VKS o [11, 1] (T) | Pio (T) = €i0io (T). (2.6)

~~

hKS,o (I‘)

Here, I introduced the KS Hamiltonian hks ,(r) that acts on the KS orbitals {¢;;}. The
local multiplicative KS potential vks s[4, n](r) reads

vks,o[n1, 1y ](r) = vi[n](r) + vse,o[ng, 1] (r) + vext (). (2.7)

The single contributions are calculated as functional derivatives of the corresponding energy
n(r’)
[r—r/|

functionals with respect to the density, thus vy[n(r) = [ d3r’ and the xc potential

reads
B dExc[ng, ]

Use,o [,y (r) = ong(r) (2.8)

Finally, the density of the KS system can be computed from the KS orbitals according to

Ny
nr)= > ne(r)= Y > lpi(r) (2.9)

— o=t i=1

In the basic KS DFT rationale, n(r) is the central quantity of physical significance, whereas
the KS orbitals are auxiliary functions that do not necessarily carry physical meaning. Fur-
ther insight into the properties of the KS system and the xc potential are provided in Sec. [2.4]
In practical KS calculations, vks » is unknown at the beginning. Hence, the KS equations
need to be solved self-consistently starting from some initial guess and iteratively updating
the KS potential and diagonalizing the KS Hamiltonian.



CHAPTER 2. DENSITY FUNCTIONAL THEORY AND TIME-DEPENDENT
DENSITY FUNCTIONAL THEORY

2.2 Time-dependent density functional theory

2.2.1 An introduction to time-dependent density functional theory

Although the HK theorems lay the foundation for a density representation of the fully inter-
acting many-particle system, they do not establish a direct relation between the GS density
and truly dynamic or excited-state properties. The investigation of such properties using
density functionals is based on time-dependent density functional theory. In TDDFT, the
Runge-Gross theorem [RG84| is the complement of the HK theorems of GS DFT. Given
an initial state and particle-particle interaction, it establishes a one-to-one correspondence
between the time-dependent (TD) density n(r,t) and the TD external potential vex(r,t)
up to a purely TD function c¢(t). With vext(r,?) and the initial state U(¢p), also the TD
wave-function is determined uniquely up to a TD phase via solution of the TD Schrédinger
equation. As expectation values of any operator are not sensitive to the phase of the wave
function, in principle, each observable is a functional of n(r,t) and the initial state. The
Runge-Gross proof has be refined by van Leeuwen [vL.99] who covers the non-interacting v-
representability question of TD densities by a construction procedure of the external potential
of the alternative reference system [vL.99, MUNT06|. Moreover, the initial-state dependence
of the density representation has been discussed in Refs. [MBO01] and [MBW02].

To derive a calculation scheme for dynamic properties, Runge and Gross [RG84] suggested
a variational principle that rests upon on an action functional. However, Refs. [vL98] and
[vLOI] demonstrate that TDDFT based on the Runge-Gross action leads to contradictions
in the symmetry and causality requirements of one of the most important ingredients of
TDDFT linear response theory, namely the xc kernel

52./4)((:
on(r,t)on(r’,t')’

fxc(rat§ rlat/) = (210)

where Ay, is the xc part of the Runge-Gross action [RG84]. Van Leeuwen [vL98, WLO1|
solved this problem by introducing a new action functional that is based on the time contour
method due to Keldysh (for more details, see Refs. [vLI8, VL0, MUNT06, Mun07]). The
thus obtained variational principle yields a set of time-dependent Kohn-Sham equations

.0
1&9(3]'0(1',” - hKS,U(rvt)(pjo(rat)v (211)

where the TD KS Hamiltonian reads
VZ

hks,o(r,t) = 5 + vn(r, t) 4+ Uxe,o (T, 1) + Vexs (T, ). (2.12)

The TD xc potential vy o (r,t) follows from the functional derivative

5-/4)(0
on(r, )

ch,a(rat) = (213)

n=ne(r,t)

of the xc part of the new action functional with respect to the density n(r, 7) where the time
variable 7 is the Keldysh pseudo time, but the functional derivative is taken at the physical
TD density n(r,t) [vL98, wL01]. By the basic theorems of TDDFT, vy »(r,t) is a functional
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of the TD density and its entire history, the initial interacting wave function, and the initial
state of the KS system. Finally, based on xc approximations, the TD density follows from
the N, occupied orbitals per spin channel of the TD KS system according to

No
= 3 et (2.14)
o=t j=1
Practical calculations of TDDFT rely either on the linear response formalism or on real-time
propagation of the KS system. Both approaches are introduced in the following.

2.2.2 TDDFT linear response formalism

Today, most TDDFT excitation energy investigations are based on the linear response for-
malism. The linear response of the GS density to small perturbations dvexs(r’,t") of the
external potential reads

5= / / Anas](e, 1, ¢ — ¢)5ve (r', ) A3 dt, (2.15)

where x[ngs](r,r’,t —t') is the linear response function of the interacting system. For the
sake of clarity, I use a spin-independent notation here and in the next section. Based on
the fundamental theorems of TDDFT, the density response may be expressed in terms of
the linear response of the KS system due to changes of the KS potential [PGG96]. Hence, a
relation between x[ngs|(r,r’,t —t') and the linear response function of the KS system ykg
exists [PGG96, MUNT06|. In frequency space, the interacting linear response function is

x(r, v, w) =xks(r,r',w)

1
//XKS r,ry,w {7“1 ] +fxc(F1,F2,w)}X(r27F,,w) d*ry d®ry,

where yks(r,r’,w) is the frequency-dependent linear response of the KS system reading

xks(r,r',w) =2 lim {&a(r) :“(r/) — fa(r)fm(r’) } (2.17)

n—0+ i W — Wig + 17 W + Wig + 17

(2.16)

It depends on the eigenvalue differences w;, = £, — &; between all possible combinations of
occupied KS orbitals ¢ and unoccupied KS orbitals a and on the orbital products §;q(r) =
©¥(r)pa(r) of the corresponding GS KS orbitals [MUNTO06]. It has poles at frequencies wjq.
The KS response contribution to Eq. includes only those effects that are encoded in
the single-particle GS KS system, whereas the Hartree-exchange-correlation (Hxc) kernel

1
foC(ra I',,Ld) = m + fxc(rar/aw) (218)

needs to cover all many-particle effects beyond that.

Finding the excitation energies of the interacting systems in linear response amounts
to finding the poles of x(r,r’,w). Casida [Cas95, [Cas96] developed a matrix-equation for-
mulation for practical implementations of this strategy. In this approach, solution of the
eigenvalue problem [Cas96, MUNT (6]

Z Ria,i’a’Fi’a’ = Q2Ea7 (219)

i’ a’
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where
Ria,i’a’ - w?aéii’daa’ + 4\/ wiawi’a’Kia,i’a’ (220)
and
Kinia @) = [ [ €0 el ) () dr ', (2.21)

yields the excitation energies ) of the interacting system. The corresponding oscillator
strength is encoded in the eigenvectors [Cas96|]. This procedure is well-known as the “ Casida
approach” of linear response TDDFT. It is most frequently used in today’s TDDFT based
applications and implemented in most quantum chemistry codes.

An approximate approach to finding € from TDDFT linear response provides means for
more insight into the influence of the individual contributions of Eq. , i.e., contribu-
tions from the GS KS system and Hartree-exchange-correlation effects. It is based on the
single-pole approximation [PGG96]: Assuming that the true excitation € is dominated by
one transition from a single occupied orbital j to a single unoccupied orbital b, all other
contributions to the total response can be neglected. Thus, one obtains [PGG96, [AGB03|

() ~ Wjp + 2 Re{Kjb,jb(wjb)}. (2.22)

Equation (2.22)) is used in Sec. to explain the CT problem of TDDFT.

2.2.3 Real-time propagation TDDFT

In this thesis, I mainly used the real-time (RT') propagation approach to TDDFT which does
not require explicit linear response theory, but is directly based on the TD KS equations of
Sec. [2.2.1] The central idea of this method is to compute the time evolution of the density
from RT propagation of the TD KS system

pj(r,t) = Ul(t,to)p;(r,to) = T exp [—i/ his(r,t') dt'] p;(r,t) (2.23)

to

via application of the propagator U(t,tp). All other observables need to be obtained from
n(r,t). This is a crucial point because in some situations it is difficult to extract information
that is easily available in the Casida approach from the time evolution of the density, e.g.,
see Chap. In such cases, new investigation ideas need to be developed as for instance
the transition density analysis tool of Sec. Yet, some important observables are explicit
functionals of the density, in particular the TD dipole moment

d(t) = / rn(r,t) dr. (2.24)

Excitation energies emerge as peaks in the spectrum of the TD density after some initial
excitation [ZS80, [CRS97|. Most importantly, optical excitations that are sensitive to the
dipole moment cause peaks at frequencies w in the Fourier transformation d(w) of the TD
dipole moment that correspond to optical excitation energies. To compute the latter, the
system is typically excited by an initial moment boost and the resulting TD dipole moment is
used as basic observable [YB96], YB99al YB9I9b, MCBR03, [CAO™ 06, MKO7, Mun07, Mun(9].
Here, the boost is applied initially by multiplying exp (i&hoo“) to the GS KS orbitals. This
introduces an excitation energy Fexeit via the momentum |pyoost| = /2MFexcit/N. The
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Fourier transformation of the dipole signal after such a momentum boost can be related to
the dynamical polarizability and the dipole strength function [ZS80, YB96l, [CRSIT, ICAOT06],
where peak positions correspond to excitation energies and peak heights are related to the
oscillator strength of the transitions. As long as one is interested only in the position of
excitation peaks, the dipole power spectrum [CRS97, Mun07, Mun09]

3
D(w) =) |dj(w)? (2.25)
=1

gives a reliable and relatively clean signal in the frequency domain. Other applications
involve excitations via TD external fields, e.g., laser fields. Such external perturbations may
be included in terms of explicitly TD external potentials that act during propagation. More
insight into external laser fields, possible laser pulse shapes, and applications are given in
Refs. [Mun07] and [Mun09].

The RT propagation approach comes along with some advantages in comparison to the
explicit linear response formulation. First, the xc kernel does not need to be computed, as RT
propagation is based on the potential only. The determination of fy. may be complicated, in
particular, in case of xc approximations where already the determination of vy is difficult.
Second, RT propagation shows a more advantageous scaling [YB99b]|. However, for many
applications, this scaling argument holds only for really large particle numbers, because
multipliers that are modifying the scaling behavior are typically notably larger in case of the
RT approach. Third, RT propagation is not limited to the linear response regime. Thus, it
can be applied to non-perturbative and non-linear phenomena, as for instance excitation by
strong laser fields. Finally, the RT propagation method is applicable to general TD situations
and, therefore, illuminates the RT evolution of explicitly TD observables.

2.3 The transition density analysis tool

At first glance, RT propagation does not seem to provide more information about the nature
of excitations than their energetic position and the corresponding oscillator strength. From
this alone, it appears difficult to make clear statements about the performance of differ-
ent functional approximations by just comparing the computed absorption spectra. For a
trustworthy assessment of excitation energy results, it is important to know the nature of
the excitation peaks, i.e., to understand the character of the underlying transitions. The
Casida approach [Cas95, [Cas96| allows this in a natural way as it decomposes excitations
into transitions from occupied to unoccupied orbitals with a certain weighting factor. In
this way, one can, e.g., distinguish between local and CT excitations. In principle this infor-
mation is also available from RT propagation, but extracting the information from the TD
orbitals is tedious. Therefore, I suggested an analysis tool for the RT signal that is based
on the transition density and allows to explore the nature of excitations. The transition
density is directly related to the TD density, thus well defined in the framework of TDDFT
[KARO1, BCOR04, [TK09].

The transition density p,,(r) corresponding to an excitation at frequency w is proportional
to the negative of the imaginary part of the Fourier transformation on(r,w) of the TD density
fluctuations dn(r,t) = n(r,t) — n(r,0) according to [BCOR04, [TK09)|

pu(r) o< =Im{on(r,w)}. (2.26)
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In PARSEC, I implemented a step by step Fourier transformation during time propagation to
calculate p,(r) for preset frequencies (see Appendix[E.3|for details). The obtained transition
densities are a unique fingerprint of the excitation and can be used to distinguish between
excitations of different character. “Visual inspection” of transition densities helps to assign
excitations peaks of spectra computed by different methods or functional approximations.
Examples of how transition density fingerprints are used to identify transitions of known
character in spectra from different functionals are given in [Pub2] and [Pub4l

More insight into the nature of transitions is available if the contributions of occupied to
unoccupied orbital transitions are known. In this case, the transition density can be written
as a weighted sum of occupied and unoccupied orbital products [BCOR0A|

occup. unoccup.

Z Z agjpi(r)j(r) (2.27)

with weighting factors a;;. Transition densities from RT propagation are compared to transi-
tion densities from GS orbital products in [Pub2]and [Pub4] to identify CT transitions and the
corresponding excitation energies in two important model systems that exhibit different C'T
character. Moreover, in an attempt to set the “visual inspection” idea on a more objective
footing, I suggested two quantitative comparison criteria that are explained in

2.4 Exact properties and features of the exchange-correlation
potential

The work presented in this thesis is deeply rooted in the KS framework of DFT. The KS
scheme provides some theoretical and technical advantages: it fulfills exact conditions as, e.g.,
Janak’s ionization-potential theorem [Jan7§|, exact KS eigenvalues are good approximations
to relaxed vertical ionization potentials [CGB02, [K6r09], using local potentials has numerical
advantages, and the local multiplicative potential allows for a transparent analysis of the
response behavior and interpretability of orbitals and eigenvalues [DKK™11]. Taking exact
properties of the KS system and its xc contribution into account, is an established route for
improving xc functional approximations. Therefore, concluding the overview of DFT and
TDDFT basics, I comment on the derivative discontinuity and its manifestation in the xc
potential and name some other important features and exact properties of the KS approach.

One property of the DFT description of xc effects that is important for this work is
related to the behavior of the total energy of a quantum system when its total electron
number passes integer values. This situation was studied by Perdew et al. [PPLB82] based
on a statistical mixture of N- and (N + 1)- electron systems to realized fractionally occupied
systems with total electron number N + w, where 0 < w < 1. The important finding of Ref.
[PPLB82] is that the GS energy En4., of fractionally occupied systems varies linearly with
the fractional occupation w between the energies of the N- and (N + 1)- electron system as

EN+w = (1 — w)EN —I—WEN+1. (228)

This straight-line behavior of the total energy between integer electron numbers implies
discontinuous changes of its slope with respect to the fractional particle number Z when it
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passes integers N. Thus, also the chemical potential u(Z) = OEz/0Z jumps discontinuously

4(Z) {—IP(N) —Ey-Ey.,, N-1<Z<N (229

| -EA(N)=Eny1—En, N<Z<N+1

when Z passes integer occupations N [PPLB82]. IP and EA are the ionization potential
and the electron affinity of the N-electron system. The discontinuity at the integer electron
number N is given by A = IP(N) — EA(N). This difference is called the fundamental gap.
In KS DFT, A may be separated into two contributions

A = Aks + Axe, (2.30)

the KS gap Aks and the derivative discontinuity of the xc potential Ay, [PL83]. The KS
gap is the difference et ES — cexact KS of the HOMO (highest occupied molecular orbital)
and the LUMO (lowest unoccupied molecular orbital) eigenvalue of the yet unknown exact
N-electron KS system. Ay. quantifies the integer jump of the xc potential when in an open
system framework with non-integer particle numbers the electron number passes integer

values [PPLB82| [PL83, [SS83, [Per90l DG90]. Hence, it is defined as
Axe = 0o (r) = 3 (r) = (IP(N) — EA(N)) — (e58%6° — efiMo ) » (2.31)

where the potentials v (r) and v (r) correspond to the limiting cases when the fractional
electron occupation approaches N from above or from below according to

Exc
v (r) = lim 0 , (2.32)
w—0 (S’I?,(I‘) Netw
_ 0 Exc
Vxe(r) = lim 5 () |y (2.33)

The discontinuous behavior of the GS energy reflects the strong tendency of true elec-
tronic systems to reject fractional occupation [Per90]. Perdew [Per90| related the derivative
discontinuity to the principle of integer preference: In a system composed of separate subsys-
tems, nature always prefers to locate integer charges on each object. Although this concept
was introduced in an ensemble formulation of quantum systems with fractional occupations,
it also manifests in the xc potential of systems with integer electron numbers in terms of
step-like structures [SP0S8, [GGS09.

The dissociation process of diatomic molecules is one such situation where step-like struc-
tures are important to support integer number of electrons on fragments of the system
[PPLB82, [Per90, RPCT06, KAK09, TMMO09, Ko6r09, MKKI11]: When two different atoms A
and B with different electronegativity dissociate, a step emerges in the exact xc potential in
between the two atoms as they move apart. It is needed to align the eigenvalues correspond-
ing to the HOMO of A and B in the infinitely separated case via relative shifts of the A and
B potential wells in order to avoid fractional charge transfer during the dissociation process
[KAKO09]. A second kind of step-like structure was observed in vy at the boundaries of the
shells of the atomic shell structure [KLI92, [GvLB94 vLGB95|. Step structures appear also
during TD processes [LK05, [MKO05|, as for instance at the boundary of an emerging potential
plateau during ionization due to strong external fields [LKO3].
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A different manifestation of step-like structures and the derivative discontinuity is the
field-counteracting behavior of vy, when external fields are applied. A field-counteracting
trend of the xc potential has been identified to be decisive for the description of static
response properties such as polarizabilities [vGSG ™99, [GvGSB00, KKP04, KMK08, KAK09].
More insight into the static field-counteracting behavior is given in Appendix

The derivative discontinuity, step-like structures, and field-counteracting behavior are
particularly important also for Coulomb blockade effects [CBKROT, [KSK™10] and charge-
transfer investigations [TFSB05], Mai05, [HG12]. In Chap. , the latter topic is discussed in
greater detail in static and dynamic situations.

Exact properties of the GS functional [MMNT™12| beside the derivative discontinuity in-
clude scaling relations and signs of the energy contributions, the xc virial theorem, freedom
from self-interaction in one-electron systems [PZ81] (see Chap. [3[ for more details), proper-
ties of the xc hole, zero-force and torque theorem of the xc potential, and the asymptotic
behavior of the potential. In TDDFT, during time propagation fundamental conservation
laws should be respected. In particular, the total energy should remain constant when no
external perturbation acts. The torque and zero-force theorems [Vig95, [GDP96| also apply
in TDDFT. The latter states that the xc potential cannot exert a net force on the system as

/ n(r,t)Voge(r, t) d®r = 0. (2.34)

More exact constraints on density functionals and their relevance in TDDFT are discussed
in Refs. [HPB99, MUNT™06, MMN™12]|.

2.5 Exchange-correlation functionals

2.5.1 Approximations for the exchange-correlation energy functional

The practical usability and reliability of DF'T and TDDFT strongly depends on the quality
of the used xc density functionals. This aspect has not been settled so far. I give an
introduction into the most important and for this thesis most relevant approximations to
FE in the following.

Local and semilocal functionals: The earliest and still one of the most wide-spread
approximations is the local density approzimation (LDA) [HK64] and its extension to spin-
dependent cases, the local spin-density approzimation (LSDA) [vBHT72|. The rationale behind
LDA is to use the functionals of the exchange and correlation energies (e2°™(nh°™) and
ehom (phomy) of the homogeneous electron gas and replace the homogeneous electron density

nPom by the local density n(r) according to

exe " [n(r)] = |ex*™ (no) + e?om(w)] : (2.35)

no=n(r)
The exchange part of the homogeneous electron gas xc energy has an analytical expression.
The correlation contribution is only known from highly accurate quantum Monte-Carlo simu-
lations [CA80] and needs to be parametrized for application in DFT, e.g., the parametrization
of Perdew and Wang [PW92|. The LDA xc energy reads

ELDA[,] — / o (1 (1)) () 3 (2.36)
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Semilocal functionals are the first class of beyond-LDA functionals. Historically, the first
step beyond purely local functionals was to include also gradients of the density into the
xc functional. However, consistent improvements were obtained only when the so-called
generalized gradient approzimations (GGAs) [LMS83|, [PY86, [Per86| were introduced. One of
the most popular GGAs, the non-empirical GGA of Perdew, Burke, and Ernzerhof (PBE)
[PBE96|, is based on exact constraints, e.g., to the xc hole. Other functionals use free
parameters and fit those to data sets from reference calculations or experimental findings.
For instance, the semiempirical BLYP functional combines Becke88 exchange [Bec88| with
the correlation functional of Lee, Yang, and Parr (LYP) [LYPS8S§|. A second class of semilocal
functionals are the so-called meta-GGAs that may include also higher-order derivatives of
the density, the kinetic energy density, and gradients of the latter. Note that meta-GGAs
may already fall into the next class of functionals, the so-called orbital functionals, because
they may include explicit orbital dependence although they are semilocal in nature.

Orbital functionals: Orbital-dependent functionals comprise explicit dependence of
the orbitals of the KS system beyond semilocal contributions [KK08]. They are still implicit
density functionals because the orbitals themselves are implicit functionals of the density.
Prominent representatives of this class of functionals are the self-interaction correction (SIC)
of Perdew and Zunger [PZ81] and the exact exchange (EXX) functional

No ()t () e (r)pis(r!
Bifoll= LY $° [ [0 o

]
o=t i=1 [r—r'

the Fock exchange integral known from Hartree-Fock (HF) theory computed with KS or-
bitals. The latter includes exact exchange only and finding a compatible correlation func-
tional is known to be difficult. In the SIC approach, exchange and correlation are based on
the underlying xc functional approximation on top of which the self-interaction correction is
performed (see and Chap. |3|for a discussion and more details).

The price one has to pay when using orbital functionals are difficulties when computing
the xc potential via the functional derivative of Ey. with respect to the density, because one
does not know the explicit density dependence of the orbitals. A solution to this problem,
the optimized effective potential (OEP) method [SH53| [TS76 (GKG97, [KKO08§], yields a mul-
tiplicative xc potential in the KS sense. This method is introduced in the context of SIC in
Chap.[3] As an alternative to the OEP, one may leave the grounds of KS theory and rely on
the generalized KS (GKS) approach [SGV™96]. In the GKS scheme, the constraint of strictly
non-interacting reference systems is relaxed and interacting reference systems that use a sin-
gle Slater determinant are allowed. The potential in the GKS approach is no longer a local
but an orbital-specific one. Typically, functionals implemented via the GKS method involve
at least a fraction of EXX, thus most GKS potentials include a fraction of the nonlocal
Fock potential [KK10]. Details about the GKS approach and differences to the theoretical
framework of the KS scheme are discussed in Refs. [SGV ™96, KK10, BLS10].

Hybrid functionals: In the hybrid functional idea, basically a fraction of the EXX
functional is mixed with some semilocal (sl) density functional. For instance, a one-parameter
hybrid can be written as

EMY — B + (1 —a)EY + EY (2.38)

with the mixing parameter a. In this case, one mixes the semilocal exchange E?! with
exact exchange and takes the full correlation ES! of the semilocal functional. Typically, the
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mixing parameter of such hybrid functionals is chosen empirically, for instance by fitting the
functional to a test set of atomic and molecular properties. Probably the most prominent
hybrid functional is B3LYP [Bec93, [SDCEF94]|, a three-parameter hybrid functional based on
a weighted mixture of LDA exchange and correlation, LYP correlation, Becke88 exchange,
and EXX. The three parameters are obtained empirically from fitting to a set of atomic
properties. Other approaches emphasize the density dependence of such mixing parameters
and suggest approaches to compute mixing parameters from the density alone [MVO™11].

Recently, the range-separated hybrid functional idea became increasingly popular. It rests
upon a range-separation scheme [Sav95| of the electron-electron interaction into a short-range
and a long-range part. In those two parts, the electron-electron interaction is treated with
different functional approximations. Each of those approximations is supposed to play a
specific role: Typically semilocal functionals are used in the short-range part, whereas EXX
is supposed to dominate the long-range contribution. The transition between short and long
range is determined by a partitioning scheme and a range-separation parameter v [Sav95,
VS06, LB07, BLS10, KSSB11]. The inverse of this parameter 1/ can be interpreted to be a
characteristic length scale that distinguishes between short and long rang. The choice of 7 is
the key element of the performance of such range-separation ideas. First approaches of this
kind were based on empirical range-separation parameters [YTHO04, [VS06, LB07, [CHG07],
but only recently parameter tuning to some additional theoretical constraints [SKB09al,
SKBO09bl BLS10, IKSSB11] has been employed. Tuned range-separated hybrid functionals, as
long as the underlying xc functionals are non-empirical, do not rely on empirical input data.

Hybrid functionals involve an explicit dependence on the orbitals. Thus, the difficulties
with orbital functionals already discussed in the previous section apply again. Usually, hybrid
functionals are implemented via the GKS scheme [SGVT96, [KSSB11]. An implementation
within the KS framework of DFT can be performed based on the OEP method.

2.5.2 Exchange-correlation functionals in TDDFT

The xc action functional and the corresponding TD xc potential in TDDFT are very complex
quantities, presumably even more complex than their static counterparts. Yet, the validity
of results from TDDFT calculations strongly depends on the quality of the description of xc
effects. Therefore, although the action functional formalism provides a solid starting point
for developing functional approximations, finding reliable TD xc potentials for practical
calculations can be tedious, in particular, for difficult applications like charge transfer.

Today, most applications of TDDFT rely on the so-called adiabatic approrimation
[GDP96, [EBF07|. The rationale behind this approach is that in cases where the external
potential varies slowly enough in time, the time evolution of the system looses its dependence
on the past, and can be well described by the instantaneous density. Thus, the adiabatic
approximation amounts to using well-known functionals and the corresponding potentials
from GS DFT as TD xc potentials according to

w38 ) = v lle) = G
where the time variable t is considered as a parameter of the density n;. For linear response
calculations the adiabatic approximations may also be applied to the xc kernel. The adia-
batic xc kernel is completely local in time, thus transforming it into Fourier space yields a
frequency-independent xc kernel [MUNT(6].

(2.39)
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In principle, the adiabatic approximation introduced so far may be applied to every
GS xc approximation. Many applications of TDDFT rely on the adiabatic local density
approximation (ALDA, TDLDA), which is the simplest extension of GS DFT to the TD
case. Surprisingly, ALDA works quite well far beyond its obvious range of validity, namely
slowly varying densities both in space and in time [MUNT™06]. Other applications use GGAs,
hybrid functionals, or orbitals functionals as introduced in Sec.[2.5.1] In any case, one should
be careful in choosing the right functional for each application depending on the system and
observable one is interested in.

Care should be taken when using the term “adiabatic” and considering its implications on
the history dependence of such approaches. Explicit density functionals implemented via Eq.
(2.39) neglect all memory dependence of the system evolution of times ¢’ < t. When it comes
to explicitly orbital-dependent functionals, however, the TD KS orbitals in general depend
on the entire history of the density n(r,t') for ¢’ < ¢, thus recover in a natural way part of
the memory dependence that is not in the TD density [GDP96, MBW02, MMNT12|. In this
case, the “adiabatic approximation” should better be termed orbital-adiabatic approximation
in contrast to density-adiabatic approximation.

2.6 Numerical realization

Most DFT and RT TDDFT investigations presented throughout this thesis are based on
the Bayreuth version [MKO07, Mun07, Mun09] of the PARSEC program package [KMT™06].
PARSEC is a real-space electronic-structure code that uses norm-conserving pseudopoten-
tials of Troullier-Martins [TM91] type and a high-order finite difference schemes for numeri-
cally representing the Laplacian operator [CTS94, KMT™06]. The GS version is designed for
solving the KS equations by numerical diagonalization of the KS Hamiltonian. The Bayreuth
version includes solution of the OEP equation [KK08 K6r09| via the construction scheme of
Refs. [KP03a), [KP03b| and approximations to the OEP, as for instance the Krieger-Li-Tafrate
(KLI) approximation [KLI92| and the Slater approximation [Sla51].

The practical realization of the RT propagation idea is based on stepwise numerical
propagation with time steps At using the propagator U (t+At, t) [CAOT06, Mun07, Mun09].
The PARSEC real-time TDDFT implementation uses a Taylor series up to fourth order
to numerically expand U(t + At,t) combined with the exponential midpoint rule [MKOQT,
Mun07, Mun09|. In this scheme, the potential needs to be determined twice per time step.
Other propagation techniques are explained in Ref. [CMR04]. To avoid spurious reflection
of density that moves to the boundary of the numerical grid, RT PARSEC offers absorbing
boundaries [RSAT06, Mun(7, Mun09]. Last but not least, the Bayreuth version of TD
PARSEC [MKO07, Mun07| includes RT propagation of orbital functionals implemented via
the time-dependent KLI approximation.

For the feasibility of most RT calculations presented in this thesis, numerical optimiza-
tion of the original PARSEC version and the implementation of new algorithms were needed
to reach acceptable computation times. One of the most time-consuming steps during time
propagation is the evaluation of the Hartree potential via solution of Poisson’s equation.
Numerical efficiency of the Poisson solver is especially important when orbital functionals
as, e.g., the EXX or the SIC are used. Therefore, I implemented a multigrid solver as an
alternative to the existing conjugate gradient solver. Details about the numerical realiza-
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tion are described in Appendix [B] Further code optimizations are compiled in Appendix
[E] It includes an extrapolation scheme to avoid explicit determination of the potential for
the midpoint Hamiltonian, some evaluation tools and extra features for the propagation, an
adaptation scheme of the diagonalization accuracy to reduce diagonalization times during
the GS self-consistency iterations, and some additional features for GS PARSEC. All imple-
mentations that are directly related to the PARSEC functionalities used in this thesis are
described in the following chapters and the related appendices.



Chapter 3

Self-interaction correction

Another feature which at least induced a semblance of popularity was
the lecturer’s intention to make clear the fundamental idea, ...

Erwin Schrodinger
What is life? (1944)

Density functional theory and time-dependent density functional theory have gained pop-
ularity because of their success in predicting and explaining properties of many different
kinds of systems and their applicability to sizable systems at bearable computational cost.
However, standard density functionals may suffer from well-known deficiencies: incorrect dis-
sociation limits [ZY98], wrong asymptotic behavior of the potential [PZ81], overestimation
of electrical response properties [vGSGT99] and transport characteristics [TFSBO05|, incor-
rect representation of charge-transfer (CT) states [DWHGO3| [Toz03], and problems with
excitonic effects in confined systems [RLIS, MCRO1, (ORR02, VOC06]. Deficiencies of this
kind have been attributed to the self-interaction error (SIE) of standard, explicitly density
dependent functionals. The self-interaction correction (SIC) is a promising approach for
curing these deficiencies of DFT and TDDFT.

I provide insight into the self-interaction problem of DFT and correction ideas in Secs.
and The SIC of Perdew and Zunger (PZ) is an explicitly orbital-dependent density
functional. In KS DFT, it requires implementation via the optimized effective potential
(OEP) or generalized OEP (GOEP) method introduced in Sec. The unitary variance of
PZ SIC is taken into account in the GOEP by additional unitary transformations (see Sec.
. The impact of these transformations on the performance of SIC is discussed in Sec. .
Finally, I present in Sec. [3.6| one of the main results of this thesis: the TDDFT extension of
GOEP SIC. An overview of the performance of this method on a wide range of test systems
is given in Sec. [3.7 and Chap. ]

3.1 The self-interaction problem

The self-interaction problem of DFT lies at the heart of the energy partitioning of KS
theory. In the KS scheme, the Hartree energy represents the classical part of the Coulomb
interaction, thus the xc energy needs to cover everything beyond the Hartree contribution.
The self-interaction problem of this energy partitioning manifests most clearly in a single-
electron (se) system, where the electron is described by the single-particle wave function

17
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©*°(r) with density n(r) = |¢*(r)|?. In this case, the Hartree energy does not vanish, but
includes the Coulomb interaction of the single electron with itself. In the exact KS approach,
this spurious self-interaction needs to be covered by the xc energy [PZ81], thus the sum of
Hartree and xc energy contributions should vanish according to

Eu[n®®] + Exc[n®®,0] = 0. (3.1)

As a matter of fact, however, most xc density functional approximations Exs’ do not cover
this single-electron SIE, i.e., typically Ey[n®¢] + Ext[n%¢, 0] # 0.

The self-interaction error is well defined in the single-electron case, yet more difficult in
a many-particle context. The PZ attempt towards defining many-electron self-interaction is
based on an extension of the single-electron criterion of Eq. [PZ81]. In this approach,
the occupied orbitals from a DF'T single particle approach are interpreted to represent the
N, electrons of the system. Then, a functional is declared to be self-interaction free, when

No
> 3" [Bulngel + BP0, 0] = 0, (3.2)

o="1{j=1

where the orbital densities nj,(r) = |pjo(r)|?>. The ambiguity of this definition has led
to alternative definitions of self-interaction in many-electron systems [RPCT06, MSCY06],
KKMO08|. One prominent criterion for the freedom of many-electron self-interaction is
the straight line behavior of the total energy with respect to non-integer particle num-
bers [RPCT06, MSCY06, [KKMO§| that is introduced in Sec. Perdew [Per90] re-
lated the SIE to the derivative discontinuity concept. The dependence of the total energy
from standard density functionals on fractional electron numbers was investigated by Refs.
IMSCY06l, VSPQOT7| with the conclusion: None of the investigated standard xc density func-
tionals strictly fulfills the straight-line criterion.

3.2 Self-interaction correction

The PZ definition of a functional’s freeness from self-interaction leads to the PZ self-
interaction correction scheme. The idea of the correction is to identify the energy related to
the interaction of every KS particle with itself and subtract this spurious energy contribution
from the xc energy of some xc approximation Ext" [ny,n)] according to

N,
B3 Ing,ny] = B2P [ng,ng) = Y [Bu [nge] + E2PP s, 0]] (3.3)
o=t j=1

However, the SIC idea of Eq. raises some questions. First, the SIC approach is
applicable to in principle all available xc functional approximations. Some of them have
been advocated [PZ81] and some of them have been reported to be doubtful [VSPT06]. On
top of which approximate EE” [ng,ny] should SIC be performed then? Second, in Eq. (3.3),
orbital densities are inserted into GS xc functionals that are designed for GS densities. Is it
justified to insert orbital densities into GS functionals? Third, related to the last question
one might ask: Is the choice of orbital densities a unique one? And if the answer is no, do
different choices of the orbital densities influence the performance of SIC?
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These questions are addressed in [Pub3|and [Pub4], and the obtained insight is summarized
throughout this chapter. For the following discussions it is important to state that the PZ SIC
energy is not invariant under unitary transformations among the occupied orbitals: Aslong as
the density remains the same, constructing different orbital sets via unitary transformation
Uj; of the occupied orbitals is allowed. Thus, one may obtain new orbital densities that
yield different SICs. Suggestions to solve this “unitary variance problem” are based on two
orbital sets [PHL84| [PHLS85, [PL88, [GNDO(, [PAZ01, KKMO08, MDRS08, MDRS09a] that take
different roles [KP03c|: The canonical orbital set {¢;,(r)} of N, occupied orbitals solves the
single particle equations and a second orbital set {@;,(r)} is used to set up the SIC xc energy
() uniquely. The orbital sets are connected by U according to

Bio (T Z U pjo (3.4)

I use the term generalized SIC (GSIC) to refer to such approaches.

Finally, the SIC energy functional directly depends on the orbitals and, therefore, is only
an implicit functional of the density. The OEP method provides means for handling such
explicit, orbital-dependent functionals in the KS framework. To deal with the unitary vari-
ance of SIC, one needs to use the GOEP formalism [KKMO0S]|, where the freedom of unitary
transformations in the space of occupied orbitals is taken into account in the derivation of
the OEP equation. This is what I introduce in the next section.

3.3 The optimizied effective potential and its generalization

3.3.1 The optimized effective potential method

The OEP scheme is a method to compute the local, multiplicative xc potential from ex-
plicitly orbital-dependent functionals. Using the chain rule when computing the potential
Ve, o(T) = %&Dg}] via the functional derivative of the xc energy with respect to the den-

sity, one obtains the optimized effective potential integral equation [KKO8| K6r09| for v)%]::f.

A solution scheme to the OEP equation in real space based on the so-called orbital shifts
was introduced in Refs. [KP03a, [IKP03b] and its implementation to the PARSEC program
package is described in Ref. [K6r09]. Solving the OEP equation is feasible, but can be a
tedious task. Therefore, most practical applications rely on approximations to the OEP.
The most widely used approximation to the OEP is the Krieger-Li-ITafrate (KLI) approx-
imation [KLI92|. Originally, it was derived from an approximation to the denominator of
the Greens function of the KS system, one of the ingredients of the OEP integral equation.
Later investigations of this approximation clarified that it can be interpreted as a mean-field
approximation to the OEP equation [GKKGO00, [KKO08]. The KLI potential equation

) = o)+ 5 znja (P58, — o) + e 5)
0' .

has an analytic solution [KKO0§|. Here, the orbital—speciﬁc potentials uyc jo(r) are

1 5EXC [{(ka}]
Pio(r)  0pjo(r)

(3.6)

uxc,jo(r) =
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and the orbital-density averaged potentials are given by

o, = [ 5 0 ) () (3.7
and
tecin = [ 100 tscio (010 () ()
The first term of Eq. (3.5)) is the so-called Slater (SLA) [Slab1] contribution
1 &
SEAE) = s D () 8) + e (1) (3.9

whereas the second term is the response potential with the characteristic (@Ej}a — Uxc,jo)

contribution. For a unique designation of implementation methods in combination with
functionals, I use the notation “method-functional”, e.g., KLI-SIC denotes SIC implemented
via the KLI approximation.

The KLI approximation to the full OEP equation is realized on the level of the OEP
potential and not directly on the level of xc energy expressions. An energy functional cor-
responding to the KLI potential does not exist. Moreover, the KLI expression itself is not
invariant with respect to unitary transformations of the canonical KS orbitals [SGO1]: In
case of the EXX functional, the Slater contribution is invariant, but the KLI response po-
tential may change due to unitary transformations of the occupied orbitals that are relevant
in subspaces of degenerate orbitals when degeneracies occur. A solution to the unitary vari-
ance of the KLI-EXX potential is available via a modification of the KLI approximation
[SGO1), IGBO1l, IGGB02, Jou07, [KK08]. The new potential approximation is known as the
localized Hartree-Fock [SGO1] or common energy denominator approzimation [GB01] (LHF-
CEDA). It includes also non-diagonal contributions in terms of occupied orbital products
Yiop;, and their complex conjugate to the response part of Eq. . However, in case of
the SIC functional the unitary variance problem of the KLI potential is even more involved
than in KLI-EXX as it appears already on the level of the Slater potential. Moreover, as
the LHF-CEDA approximation is tailored to the EXX functional, it is not clear from the
start that it can readily be applied to other orbital-functional approximations. In particular
application to the SIC appears difficult as the SIC functional involves orbital combinations
that are very different to the EXX orbital structure, e.g., the EXX functional is unitarily
invariant whereas the SIC functional is not.

3.3.2 Generalization of the OEP to unitarily variant functionals

To take the freedom of unitary transformations of unitarily variant orbital functionals into
account in the OEP method one has to add an additional step in the derivation of the OEP
potential when executing the functional chain rule. This leads to the GOEP integral equation
(for details, see Refs. [KKMO0S, [K6r09]). For the sake of clarity, I focus only on the case of
the PZ SIC energy functional from now on. If not stated explicitly, SIC of the L(S)DA
functional is performed throughout. In the GOEP integral equation, the potentials uxc jo(r)
of the standard OEP equation are replaced by the generalized orbital-specific potentials
No

1
g 1o (1) = ———= > Uijo iy (1) (1), (3.10)
’ @jo‘(r) i=1
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where
ﬁSIC(r) — ESIC[{nk }]
0 6”20( )

Ref. [KKMO08| shows that solutions of the GOEP equation can be obtained with well-known
methods invented for the standard OEP case. Yet, for numerical reasons often the generalized
KLI (GKLI) approximation is used [KKMOS] For converting the standard KLI to the GKLI
potential, uxc jo(r) in Egs. to needs to be replaced by the generalized uXC ]a( r)
[KKMOS8, K6r09]. The formal separatlon of the KLI potential into Slater and response part
applies also in the GKLI case. Thus, the generalized Slater (GSLA) corresponds to Eq. (3.9),
where uy jo(r) is replaced by uxcga(r)

With the GKLI approximation at hand, I investigated its behavior when the KS orbitals
change unitarily as already discussed in the context of KLI in Sec. The GKLI approach
heals part of the KLI problem: USC%A(I') is invariant under unitary transformations among
occupied KS orbitals as long as the optimized orbitals {@;s(r)} that are inserted into Egs.
and are the same. However, the response contribution remains variant also
in the GKLI case. This finding explains part of the convergence problem of Oz in [Pub3]
Moreover, close examination of the splitting into Slater and response contributions reveals
differences between these two contributions in the KLI and in the GKLI approximation in
terms of their response behavior to external electric fields. It appears that GSLA covers part
of the response that is not covered by the standard SLA approximation. More details about
this observation are discussed in Appendix

(3.11)

3.4 Unitary optimization with different types of orbitals

The unitary variance of the SIC energy functional appears to be a weakness of the
SIC approach, but can be turned into a strength in GSIC as the degrees of freedom
of U;js provide means to include additional constraints into the energy functional. Ex-
ploiting this feature, many promising improvements have been obtained in GS DFT
[PHLS84, [PHLS5, PL8S, KKMO08, DKK™T11]. However, some important aspects have not
been discussed before. In particular, the use of complex numbers for the optimized orbitals
and the unitary transformation appears natural from a TDDFT perspective, but has not
been investigated in GS GSIC using the GOEP framework so far. Therefore, to conclude
the GSIC scheme, I address the question of how the unitary transformation of Eq.
that enters the GOEP formalism can be defined. This short introduction is needed as a
background for the overview of the performance of GSIC in Sec. As it is closely related
to a more detailed discussion can be found there.

Energy-minimizing transformation: The idea of using energy-minimizing transfor-
mations is based on a suggestion of Pederson, Heaton, and Lin [PHL84, [PHL85, IPL8S| that
is applied in KS DFT [KKMO08, MDRS09b|. The unitary transformation of GS DFT is used
to support the variational energy-minimization procedure of Hohenberg and Kohn: The or-
bitals {Pis} and the transformation Ujj, are chosen such that the total energy is minimized
via unitary optimization of the SIC energy contribution exploiting its freedom of unitary
transformations. This Pederson et al. criterion leads to a set of equations [PHL84]

(Gio|051C (1) — ~SIC( r)|@jo) =0 Vi, j occupied. (3.12)
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(see [Pub3|for more details). However, starting from real canonical KS orbitals, there are still
two possible choices of the orbitals {@;,} and the transformation Ujj,: They can be chosen
either both real-valued or both complex-valued. Each choice correspond to one definition
of the unitary transformation: U, is defined according to Eq. with numbers either
restricted to be real or free to be complex. These options influence the shape of the resulting
orbital densities n;, = |<,Z)i0|2 and, therefore, may exhibit different performances of the SIC.
This influence is discussed in detail in and summarized in Sec. I denote energy-
minimizing GSIC based on the GOEP, GKLI, and GSLA methods by GOEP-SIC, GKLI-
SIC, and GSLA-SIC. If not stated explicitly, complex-valued energy minimization is used
throughout this thesis.

Spatially localizing transformation: A second definition of the unitary transforma-
tion is based on the observation that typically localized or Foster-Boys (FOBO) orbitals
[Boy60l [EB60, [ER63, PMS89| are good approximations to real energy-minimizing orbitals
[KKMO8]. This finding is rationalized in Ref. [K6r1l] and supported by [Pub3| Performing
the FOBO unitary optimization is numerically less expensive, thus serves as a reasonable
alternative to energy-minimizing transformations. The FOBO transformation can also be
performed with complex-valued orbitals. Yet, the FOBO criterion is not sensitive to the
degrees of freedom provided by complex numbers. T denote GSIC with FOBO localization
based on the GKLI potential by FOBO-SIC.

The optimization procedure of the energy-minimization and spatial localization criteria
is one of the most time-consuming steps in GSIC calculations. Therefore, to guarantee
reasonable numerical performance, I implemented new algorithms that are based on energy
gradients (see Appendix . Best performance can now be obtained in PARSEC with an
algorithm that uses conjugate gradients, step-size optimization, and that takes the unitary
constraint of U;j, into account explicitly. This algorithm was adapted and implemented to
PARSEC in collaboration with Peter and Simon Kliipfel. More details are explained in
and Appendix [C.1.3] The extension of existing algorithms in PARSEC (see Ref. [K6r09]) to
complex-valued {@;s} and Ujj, is presented in Appendix In Appendix I compiled
an overview of PARSEC features and user-input options related to GSIC.

3.5 Generalized self-interaction correction in DFT

Many of the features of GOEP and its GKLI approximation were already investigated in the
work of Thomas Korzdorfer [KKMO0S8, [Kér09]. Both approaches yield GS energies and spin
densities in close agreement [KKMO08§|. The relation between GKLI and GOEP is illustrated
further by the results in Appendix [A] Yet, using complex degrees of freedom in the unitary
transformation yields a new perspective on the GS GOEP-SIC approach. The influence of
complex-valued unitary transformations and optimized orbitals is the content of In
the context of I performed supplementary investigations on the response behavior of
chain-like systems depending on different approximations to the GOEP and different choices
of Ujj,. These findings are presented in detail in Appendix Here, I give a summary of
the SIC and GSIC results of this thesis.

Investigations of total energies and bond lengths of a representative set of dimers and
small molecules in show that the choice of the unitary transformation has notable
influence on the outcome of GKLI-based calculations, while standard KLI-SIC results may
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Figure 3.1: Orbital densities of the energy-minimizing orbitals of H2O computed self-
consistently with GKLI-SIC using real-valued energy minimization (upper part) and
complex-valued energy minimization (lower part). The numbering of the optimized orbital
densities is arbitrary as their order does not carry physical meaning. One clearly observes

for the example of HoO that the orbital densities of real-valued energy-minimizing orbitals
form nodal planes, whereas nodal planes are avoided in the complex-valued case.

real E, i,

complex Ein

be compromised by deficiencies of the KLI potential (see Sec. . Total GSIC energies
decrease with increasing the degrees of freedom of the unitary transformation from real-
valued to complex-valued numbers. The influence on the bond length differs for single-
bond and multiple-bond systems. In case of single-bond systems, increasing the degrees
of freedom leads to increasing bond-length underestimation. For double- and triple-bond
systems, GKLI-SIC with a complex-valued energy-minimizing transformation improves upon
the known SIC bond-length underestimation [GU97, [VSPT06]. Total energies and bond
lengths computed with FOBO-SIC are close to real-valued energy-minimizing GKLI-SIC.

The difference between real and complex energy minimizing orbitals is related to the
formation of nodal planes of the orbital densities 7,(r). The optimized orbitals {@;s}
need to be orthogonal like the canonical KS orbitals. Real-valued orbitals preserve this
orthogonality via formation of nodal planes that are passed on to the orbital densities.
However, using complex degrees of freedom, nodal planes of the orbital densities can be
avoided while preserving orthogonality of the optimized orbitals. This finding is illustrated
with the orbital densities of HoO in Fig. and with CO in Thus, n;,(r) without
nodal planes are smoother and, therefore, closer to GS densities. Such orbital densities are
important in the context of the question whether it is allowed to insert orbital densities into
GS xc energy functionals: Hope is high that smooth orbital densities of the complex-valued
case are closer to the realm where (semi)local functionals are appropriate. The reduced
appearance of nodal planes in complex-valued n;,(r) also serves as an explanation why the
SIC of PBE is more sensitive to changes from real to complex numbers than the SIC of
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LSDA (see . The PBE functional is more sensitive to large changes of the density due
to its dependence on density gradients. Therefore, allowing or avoiding nodal planes where
large density gradients occur makes a more pronounced difference for PBE than for LSDA.
More insight into the performance of different (G)OEP approximations is provided from
the results of Appendix and Appendix where energy minimization in GKLI-SIC is
always performed with complex-valued orbitals. The response of hydrogen chains to static
electric fields shows that SLA-SIC and KLI-SIC may exhibit a distorted response behavior.
This finding can be understood from the unitary invariance of both the SIC energy expression
and the KLI potential approximation. Instead, the GKLI-SIC potential is a reasonably
good approximation to full GOEP-SIC and exhibits the field-counteracting behavior of the
xc potential that is important for a proper description of polarizabilities (see Sec. .
GSLA-SIC gives polarizabilities close to GKLI-SIC for short chains, but the polarizability
deviations to GKLI-SIC increase with increasing chain length. This finding is in line with
the observation that GSLA-SIC does not show a clear field-counteracting response behavior.
In case of hydrogen chains, FOBO-SIC polarizabilities are close to GKLI-SIC, but slightly
worse. The situation reverses in polyacetylene chains, where FOBO-SIC polarizabilities are
slightly closer to reference calculations than GKLI-SIC. The comparison between hydrogen
and polyacetylene chains indicates that localization effects play different roles in different
kinds of systems. Only detailed investigations show if orbital localization or full energy
minimization gives results closer to reference calculations and to experimental findings.

3.6 Generalization of SIC in TDDFT

One of the main aspects of this work is the extension of GSIC from GS DFT to TDDFT
covered by [Pub2 and [Pub4l The motivation for this extension was based on the promising
features of GKLI-SIC in DFT, see for instance Refs. [KKMO0S, KKMKQ09, Kor09, DKK™11]
and Sec. The GKLI-SIC performance is good news for application in TDDFT for
two reasons. First, the time-dependent OEP (TDOEP) is known to be very demanding to
solve [MKO06, WUQS8]. Therefore, most applications of orbital functionals in TDDFT rely
on a TD extension of the KLI approximation [UGG95, MKO06]. Second, however, the time-
dependent KLI (TDKLI) approximation suffers from its own problems beyond the deficiencies
known for GS KLI: RT propagation of the TDKLI potential shows stability issues and zero-
force theorem violation [MKvLRO7, MDRS09b, IMDRS11]. Therefore, starting with GSIC
in TDDFT, hope was high that the additional degrees of freedom provided by the unitary
transformation together with the SIC functional could be exploited to support propagation
stability. Then, the promising features of SIC could help in TDDFT to study questions that
were considered too difficult for local and semilocal density functionals.

The extension of SIC to TDDFT by Tong and Chu [T'CI8b, TC98a| uses the PZ SIC
energy functional in an orbital-adiabatic sense (see Sec. together with the TDKLI
approximation. TD SIC with GKLI is based on a similar rationale, i.e., the orbitals and
the unitary transformation are used at every instant of time to keep the system on a stable
energy path during propagation. The GSIC extension to TDDFT results from three steps.
First, the generalized orbital-specific potentials are transferred to the TD case, thus reading

ugc,ja(r QO Z pr zsszC(r7t>v (3'13)
JU i
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where

SERe {ithr il
0o (1, t)

Second, the standard orbital-specific potentials uxc jo(r,t) need to be replaced by the gen-
eralized ones in the TDKLI potential [TC98b| [TC98al, MKOG6]

(e, t) =

10

(3.14)

Up DK (e 1) + fo(r,t) =

N,
1 = _ _
Vg (r, 1) + ) > njo(r, t) [(OR05H (1) = tixe jo (b)) +c.c], (3.15)
(o8 bl ]:1

where

fo(r,t) = ——0-—— ZH Vang(r,t)/ (tixe,jo(t') — e jo (') dt’ (3.16)

is the so-called memory term and the TD Slater (TDSLA) contribution reads

UTDSLA(I',

XC,0

2% Z 1o (1, 1) (txe,jo (T, 1) + Ule jo (T, 1)) - (3.17)

Orbital-averaged potentials are computed in analogy to Egs. (3.7) and (3.8) of the ground
state. Third, in the TD case, the unitary transformation is a TD function that connects the
TD KS orbitals and a second optimized orbital set according to

Pio(r Z t)jo (T, t). (3.18)

Thus, a suitable choice of Uf(t) concludes the time-dependent GKLI (TDGKLI) approxima-
tion of the SIC functional and establishes time-dependent GSIC (TDGSIC). Replacing txc, jo
by u)(fc,ja in Eq. yields the time-dependent GSLA (TDGSLA) approximation.
Although this extension appears straight forward at first glance, there are a lot of hidden
difficulties and obstacles. The first issue concerns the choice of Uf(t) that is discussed
comprehensively in [Pub4l The central idea is to apply the energy-minimization and the
spatial localization criteria known from GS DFT (see Sec. at every instant of time.
This proceeding is in line with the orbital-adiabatic use of the SIC energy functional. I
use the shortcut TDGKLI-SIC for complex-valued energy minimization and TDFOBO-SIC
for spatial localization together with the TDGKLI approximation. Yet, optimizing either
of the GS criteria for many ten thousands of time steps during time propagation renders
application of TDGSIC impractical for sizable systems. When propagating the GSIC ground
state without external perturbation, I realized that part of the TD transformation could also
be performed analytically. This idea enabled the breakthrough of TDGSIC. In such a setup,
Ui‘;-(t) evolves from U, (t — At) of the previous time step with the KS eigenvalues ¢}, i.e.,

UG (t) = 12U (t — At). (3.19)

This time propagation of the unitary transformation can be used as an initial guess for
subsequent unitary optimization at every instant of time or as an approximation to the
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TD transformation. More details are explained in All TDGSIC propagations are per-
formed with complex TD orbitals and transformations. They are started from a ground state
with complex-valued U7 optimization because, otherwise, when starting from real-valued op-
timized orbitals and transformations the additional degrees of freedom of the complex-valued
TD transformation may instantaneously change the ground state even without external per-
turbation.

Finally, the choice of the unitary transformation is important for the explicit memory
dependence of the GKLI approximation via its generalized f,(r,t) (f$(r,t)) contribution.
While f,(r,t) vanishes in TDKLI-SIC [UGG95], IGDP96, [TC98al TCI8L, MKO6|, it is not
clear from the start that fS(r,t) vanishes in TDGKLI-SIC. demonstrates that the
contribution of the TDGKLI memory term depends on the criterion for U (t). When energy
minimization is used in the ground state and during time propagation, the memory term
does not contribute to TDGKLI. For all other cases, the memory dependence via ff(r,t)
remains unclear. Explicit choices for fG(r,t) are explained in [Pub4l Note that no matter
how fS(r,t) contributes to the TDGKLI memory, propagation of SIC with TDGKLI includes
an implicit dependence on the history of the density n(r, ') for ¢ <t via the KS orbitals in
a natural way [GDP96, MBW02, MMNT12].

3.7 Performance of generalized SIC in TDDFT

First investigations of TDGSIC [Hof08] focused on the propagation stability question of Nas,
a notoriously problematic system for RT propagation. Here, the propagation instability
manifests in zero-force theorem violation and notable drifts of the total energy from its
GS value although no external field acts [MKvLRO7, Mun07|. Reference [Hof08] indicates
that propagation stability can be increased by increasing the numerical accuracy of the
unitary optimization. However, using the initial guess of Eq. puts this finding into
a new perspective. The appendix of demonstrates that TDGSIC schemes show much
better stability than propagation with TDKLI-SIC even for the difficult case of Nas. For
most applications, reasonably stable propagation of TDGSIC can be performed in a time
window that is long enough for computing the dipole spectrum. However, as a warning, one
should be aware that instability problems may occur and always check for stability issues.
Based on this reassuring finding, TDGSIC is ready for applications to dynamic situations
and investigations of excitation features. I summarize the results on the performance of
TDGSIC in the following.

Hydrogen chains are a transparent model system to study the response behavior of the
potential for different approximations to vy(r,t). For slowly varying external perturbations,
one expects the TD xc¢ potential to perform similar to GS xc potentials, i.e., that it coun-
teracts the external field (see Sec. [2.4). demonstrates that the TD response to such
an external potential parallels the response behavior known from GS xc¢ potentials: vy (r,t)
of TDLDA follows the external field, whereas TDGKLI-SIC exhibits a field-counteracting
behavior. At higher frequencies of the external perturbation, TDGKLI-SIC develops compli-
cated features that can not be assigned to a simple frequency-dependent response behavior.
Similar studies of different approximations to TDGKLI-SIC are also presented in In-
terestingly, TDFOBO-SIC exhibits a response behavior very similar to TDGKLI-SIC. While
a clear assignment of the energy-minimizing GSLA-SIC response was difficult in the GS case,
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TDGSLA-SIC unambiguously follows the external field even at elevated frequencies of the
external perturbation. Moreover, using only Eq. for the unitary transformation spoils
the field-counteracting behavior of the xc potential already at low frequencies of the external
field. Thus, the results of show that the response term of the (G)KLI approximation
and optimizing the unitary transformation at every instant of time are important for a proper
field-counteracting response hehavior.

The TD response behavior studies are complemented in by investigations of hy-
drogen chain excitations energies. Whereas TDKLI-SIC results suffer from propagation
instability and do not improve upon TDLDA, TDGSIC notably shifts the lowest excitation
energies to higher values. TDGKLI-SIC excitation energies are in close agreement to BSLYP
but deviate from approximate coupled-cluster singles-and-doubles model excitation energies
by at least 0.9 eV. In conclusion, TDGKLI-SIC and its TDFOBO-SIC approximation show
promising performance on hydrogen chains. Yet, already static polarizabilities of hydrogen
chains exhibit large deviations between OEP and GOEP |[KK11] (for more background, see
Appendix and a comparison between TDOEP and TDGOEP is not available. Because
of the peculiar nature of hydrogen chains [vFdBvL 02|, the performance of TDGSIC also
needs to be assessed for real molecules.

Application to metal clusters in shows that TDGSIC does not spoil the good accu-
racy that already TDLDA reaches. However, TDGSIC improves in cases where (semi)local
functionals exhibit systematic failures: In hydrogenated silicon clusters, quantum confine-
ment and excitonic effects are known to play an important role [OCL97, RL9S|, RL0O0, ORR02,
VOC02, VOCO6]. Here, low-lying optical excitations are underestimated by standard func-
tionals and TDKLI-SIC [MCROI], in particular for the very small clusters. [Pub2| and [Pub4]
demonstrate that TDGSIC notably improves and yields excitation energies in good agree-
ment with results from the GW Bethe-Salpeter equation approach. Lowest excitation ener-
gies of oligo-acetylenes in also improve upon TDLDA and reveal differences between
the different possible choices of the unitary transformation during time propagation. Last
but not least, TDGSIC also gives promising results for static and dynamic CT situations as
well as CT excitation energies. This is the topic of the next chapter.







Chapter 4

Charge transfer and charge-transfer
excitation energies

The obvious inability of present-day physics and chemistry to account
for such events is no reason at all for doubting that they can be
accounted for by those sciences.

Erwin Schrodinger
What is life? (1944)

A trustworthy description and theoretical prediction of charge transfer is one of the
well-known and longstanding problems of (time-dependent) density functional theory
[DWHGO03!, [Toz03, Mai05l, [TESB05, [KBEO6, [TS07, KBYO07, [TS08, [EVV(9, LBBS12|. Typi-
cally, energies of electronic excitations that exhibit CT character are underestimated when
calculated with (semi)local xc functionals [DWHGO3, [Toz03, Mai05]. Transport proper-
ties as, e.g., conductance and I-V characteristics of molecular electronic devices may be
severely in error [TFSB05, [KBEOG, TS07, KBY0T7, [TS08, LBBS12] when calculated from the
Landauer-Bittiker approach [Lan57, Biit86] based on non-equilibrium Green’s function the-
ory in combination with DFT using standard xc functionals. Recently, also RT propagation
has been used to study CT scenarios [KSAT05, [CEVV06], but the reliability of results is
limited by the quality of xc functional approximations. I provide more insight into the CT
problem of (TD)DFT in Sec. and complement this discussion by some solution ideas.
The CT failure is commonly related to the self-interaction error of (semi)local xc functionals
[TESBO5L TS07, [IKBY07, [TS08| and the lack of a derivative discontinuity in such approaches
[TEFSB05, KBEO6, [TS07, TS08, LBBS12|. Therefore, self-interaction correction is a promis-
ing approach for improving the (TD)DFT description of CT phenomena. I discuss in Sec.
how generalized KS SIC introduced in Chap. [3|performs in static and dynamic CT situations
and how it improves the description of CT excitation energies.

4.1 The charge-transfer problem of DFT and TDDFT and
some solution ideas

The discussion of the CT problem of TDDFT in the literature [DWHGO3| [Toz03l, [DHG04,
GB04|, Mai05, [TFSB05, MT06, [ZSK™09, [Aut09, THGI0, FRM11], HG12| reveals the many
facets of this intriguing issue. Among the many different perspectives to approach the CT
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Figure 4.1: Model CT situation between a donor (D) and an acceptor (A) separated by the
large distance R. See the main text.

problem, in the following, I present one that is based on the long-range CT between a donor
(D) and an acceptor (A) subunit separated by the large distance R (for an illustration, see
Fig. . The excitation energy that is needed to transfer one integer unit of the elementary
electric charge e from D to A is given by Mulliken’s rule [Mul50, [SKB09al, [SKB09b]

oM _pb_pasr_ L (4.1)
R

The ionization potential IPP of D is the energy that needs to be payed when removing
one electron from D, and the electron affinity EA® of A is the energy one gains when
adding one electron to A. The third term amounts to the energy gain due to the Coulomb
interaction between the additional negative charge on A and the positive charge of D. The
excitation energy needed for a very long-range charge transfer (R — oo) equals the difference
IPP — EA” between the ionization potential of D and the electron affinity of A.

The important question now is how TDDFT behaves [DWHGO03|, [Toz03, DHGO04]. For a
transparent illustration, I use the TDDFT linear response approach in single-pole approx-
imation (see Sec. . One assumes that in the case of a well separated D and A, the
eigenvalues and orbitals of the entire system correspond to the eigenvalues and orbitals of
the isolated D and A, and the charge transfer is dominated by the transition from the HOMO
(H) located on D to the LUMO (L) located on A. With these assumptions, the excitation

energy reads

Q = s + 2 / / AR (1)l () e (.7 wis) PR () * () dBr P, (4.2)

where wgg = Eé — sg abbreviates the eigenvalue difference. The overlap of KS orbitals

localized on D and orbitals localized on A decreases exponentially with the distance R, thus
the orbital products of the last term of Eq. vanish when R — oo. This term contributes
to the CT excitation energy only when the kernel diverges to compensate for the vanishing
overlap [GB04]. Note that by definition the exact xc kernel exhibits all features that are
required to yield correct CT excitation energies. However, adiabatic, (semi)local xc approx-
imations do not show singular behavior of the xc kernel. Resulting CT excitation energies
are dominated by wgg, which is typically not a good approximation to the fundamental gap
A = IPP — EA* and do not exhibit the 1/R behavior.

This deficiency of standard, explicitly density-dependent functionals has been analyzed
from different perspectives. Strong frequency dependence of the xc kernel and a proper
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inclusion of the particle number discontinuity have been identified to be important for the
reliable description of charge transfer [Toz03, Mai05, [TFSB05, MT06, [HG12]. Moreover,
the CT problem has frequently been related to the self-interaction error of many density
functional approximations [TESB05) [TS07, KBY07, [TS08].

Recent approaches to improve upon the CT failure of (semi)local functionals include
orbital and hybrid functionals. Exact exchange that does not suffer from the SIE yields the
correct 1/R dependence [DWHGO03, THG10| due to the non-local contribution of the Fock
exchange functional, but misses correlation effects. Standard hybrid functionals include only
a fraction of EXX and, therefore, only partially correct for the CT problem. Yet, range-
separated hybrid functionals where EXX dominates the long range have been shown to
predict CT excitations reliably [Y'THO04, [CHGO07, LB07, [SKB09b, KSBK11].

Beside the just presented approaches, I demonstrate in the following section that KS
(TD)GSIC improves the (TD)DFT description of CT situations. The findings of Chap.
already reveal first indications for this improvement: GSIC exhibits a field-counteracting
response behavior to static external electric fields and improves static polarizabilities of chain-
like systems (see Chap. and Appendix . The field-counteracting behavior is related
to the derivative discontinuity and manifests also in step-like structures of the potential
(see Sec. for an introduction). Such kind of discontinuous structures of the potential
lead to singular features in the xc kernel that may compensate for the vanishing orbital
overlap. In energy-minimizing TDGKLI-SIC, the field-counteracting behavior carries over
to the response at low-frequency TD external perturbations and exhibits notable frequency
dependence when external fields with higher frequencies are applied (see Sec. . Last
but not least, the SIC functional is non-local and its xc potential shows the proper 1/r
asymptotic decay [PZ81, IGKKGO0].

4.2 Self-interaction correction and charge transfer

4.2.1 The integer preference of electron jumps

In this section, I demonstrate how (TD)GSIC describes the static and dynamic charge trans-
fer between two well separated D and A moieties. To this end, I chose a transparent model
system [KBYO0T7| of two hydrogen chains as depicted in the left part of Fig. The chains
are separated by a distance of 8 A which is large enough for the overlap of the electronic
structure of the two chains to almost vanish, but which is at the same time short enough to
allow charge transfer driven by external fields from one chain (D) to the other (A). Therefore,
one expects charge transfer to proceed in jumps of integer units of e from D to A when ex-
ternal fields with sufficient field strength are applied. [Man]]investigates this system in static
and dynamic situations at different external field strengths and reveals the peculiar features
of the (TD)GSIC xc potential that support integer preference of the electron jumps. Here, I
summarize and complement the findings of Beyond that, T present in Appendix
one additional observation of the total energy of the CT system with respect to the external
electric field strength. I start with GS DFT investigations before I turn to the dynamic
scenario.

The first important result of Man1|is that GSIC exhibits — in contrast to (semi)local and
standard hybrid functionals — integer particle preference during the charge transfer from D
to A when static external fields are applied. This finding is illustrated in the right part of
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Figure 4.2: Left: Charge-transfer model system [KBYO0T7| of two identical hydrogen chains
(Hg with an H distance of 1 A) separated by a distance of 8 A. An electric field transfers
charge from the right (donor, D) to the left (acceptor, A) hydrogen chain. The absorbing
boundary is used only during time propagation. Right: Integrated charge of the A chain
depending on the field strength of the external electric field computed with GKLI-SIC,
GOEP-SIC, and LSDA. The charge is computed by integration over the left half space of the
real-space grid. The numbers in brackets indicate the number of electrons per spin channel
between the first and the second electron jump using the notation “(spin up, spin down)”.
Note that convergence problems of GKLI-SIC (7,9) occurred in between 5.1 x 10° V/m and
5.4 x 10° V/m where I was able to converge solely the GKLI-SIC (8,8).

Fig. The first electron jump of GSIC can be computed to within 0.1 x 10? V/m accuracy.
However, in case of the second jump I faced convergence difficulties due to degeneracies at
the Fermi level and, therefore, an uncertainty of 0.3 x 10° V/m remains. As already stated in
[Man]] the integer preference behavior of GKLI-SIC is in good agreement with full complex
energy-minimizing GOEP-SIC. I support this finding by GOEP-SIC calculations presented
in the right part of Fig. for external electric fields with field strengths from 0.0 V/m to
3.5 x 10? V/m: The integrated charges on the acceptor chain and total energies in GOEP-
SIC are almost identical with the GKLI-SIC results. However, OEP-SIC calculations suffered
from serious convergence difficulties that prohibited a reliable computation of the integrated
charge on the A chain. In full OEP-SIC, the KS orbitals fulfill two roles at the same time
[KKMOS|: They attempt to optimize both the kinetic and the SIC energy, thus need to
decide between being delocalized or localized. It is likely that the underlying compromise
impedes OEP-SIC convergence.

Second, the local, multiplicative xc potential allows to transparently analyze the vy fea-
tures that support the integer preference behavior. demonstrates that step structures
in the GKLI-SIC xc potential rise in between the two hydrogen chains before electron jumps
occur. At the same time, the potential well of the A chains is shifted upwards. Thus, the
potential barrier for an electron jump increases and the step structure works against frac-
tional charge transfer. When the electron jumps, the xc potential changes discontinuously:
The potential wells shift relative to each other and a reverse step structure appears that
keeps the just transferred electron on the A chain. With further increasing the external field
strength, first, the reverse step feature decreases before another cycle of emerging xc poten-
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first electron jump second electron jump
process D JA 1D A ] 1 process D JA 1D TA|] 1
(S) 4 4 4 4 |8 8
(1) [tD—>1A| 4 4 3 5 |18 8(|JD—=JA]| 3 5 3 518 8
2) || D—->LA]| 3 5 4 4 |18 8|TD—>TA]| 3 5 3 5 |8 8
3)[tD—>JA| 4 5 3 4 19 7|ID=>1TA] 3 5 3 5 18 8
4 |JD—=1A] 3 4 4 5 |7 9(|1t1D—=JA]| 3 5 3 518 8

Table 4.1: The left part of the table shows four realizations (indicated in the first two
columns) of the first electron jump from D to A starting from the configuration in the first
row labeled by (S). It explicitly highlights the spin of the electrons, thus lists the number
of electrons per spin up (1) or down (}) on the D and A moieties in the central columns.
When external fields are present, this assignment of electrons in terms of KS orbitals to D,
A, and spin-channels is unique as the KS orbitals are localized on either side of the real-space
grid. In the last two columns of the left part, I summed up the number of electrons per spin
channel after the electron transfer. The right part of the table indicates the consecutive
second electron jump starting from the corresponding configuration after the first jump. All
paths end with the same distribution of electrons over spin channels and D and A sides.

tial structures before and after the second electron jump starts. These step and reverse step
features are one more example of the relation between the derivative discontinuity, integer
particle preference, and structures of the xc potential.

The third important aspect of is the role of spin-symmetry breaking for a reliable
description of the CT situation. The true physical charge transfer of one electron should
be an equally weighted superposition of a spin-up and a spin-down electron jump. Yet,
performing GKLI-SIC calculations and starting from a ground state with eight electrons
per spin channel — a symmetric distribution of electrons over spin channels — one observes
that spin symmetry breaks as the first electron transfers only in one of the spin channels.
Investigating these calculations in detail, one finds that the GKLI-SIC KS ground state
exhibits a weak aufbau principle violation after the first electron transfer: The HOMO of
one spin channel is higher in energy than the LUMO of the other spin channel. Thus, the
electron occupation points to a situation with an unequal distribution of electrons over spin
channels. Fixing the occupation numbers of the KS system to investigate this alternative
configuration yields a KS ground state with an aufbau principle violation that points back to
the previous configuration. Taking into account that the just discussed cases may be realized
also with the opposite spin assignment, four realizations of the first electron transfer appear.
They are outlined in Table together with the consecutive second electron jump.

One observes that in realizations (1) and (2) eight electrons are in each of the spin
channels, whereas in realizations (3) and (4) two more electrons are in one of the spin channels
after the first electron transfer. Although the last two realizations appear unphysical because
the applied electric field can hardly induce a spin-flip, they are all relevant for the GKLI-SIC
realization of a one-electron charge transfer: All realizations are degenerate in terms of the
total energy, the field strengths where the electron jumps occur, and the number of electrons
on D and on A (see Fig. on the right). Here, only realizations (1) and (3) are discussed
because realizations (1) and (2) as well as (3) and (4) are equivalent in terms of the relevant
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effects. The aufbau principle violation together with the degeneracy of all four realizations
reflect that transferring an electron of either spin channel is equally probable in the true
physical CT situation. Thus, breaking the spin symmetry in GSIC is an “easy way” to model
the physics that may otherwise be too difficult for approximate density functionals.

Differences between realizations (1) and (3) appear in the details of how the xc potential
builds up the reverse step and newly appearing step structures after the first and before the
second electron transfer (see . In realization (1), the reverse step appears only in the
up-spin potential, decreases with increasing external field strength, and a step builds up in
the down-spin potential. Instead, in realization (3) the reverse step after the first electron
jump and the step counteracting the second electron jump emerge in both spin channels.
Details about the step and reverse step structures are explained in After the second
electron jump the symmetric distribution of electrons into spin channels is recovered.

Last but not least, I turn to the truly TD investigations of There, the external
field strength of 8.0 x 10° V/m is chosen to be strong enough that according to the GS
investigations two electrons may be transferred from the D to the A chain during time
evolution. Moreover, charge may be accelerated to the boundary of the grid, thus the
system may ionize. I use an absorbing boundary on the A end of the grid to remove this
density and prevent it from being spuriously reflected back to the system (see Fig. E]
reveals that in time-dependent LSDA (TDLSDA) the potential barrier between the
two chains decreases and a notable fraction of charge is transferred from D to A. Instead,
a time-dependent step that works against spurious fractional charge transfer builds up in
the TDGKLI-SIC xc potential as a function of time. Similar features are also important
for the ionization of the system. In TDLSDA, fractions of the density start to arrive at the
absorbing boundary already after 2 fs. In GKLI-SIC, step structures appear also at the outer
boundaries of the system and counteract ionization.

investigates only the early stage of the time evolution of the CT system for several
conceptual and technical reasons. First, the absorbing boundary removes density from the
system when ionization occurs. However, the unitary optimization scheme of GKLI-SIC so
far is defined only for integer occupations [Kor(9] and it is not clear how the unitary trans-
formation needs to be implemented in other cases. Moreover, there is no charge-injection
mechanism that could feed density from the opposite side of the grid to compensate for the
absorbed density. Second, I estimated the propagation time until the first electron transfer
occurs in TDGKLI-SIC from the TDLSDA time evolution. In the present setup, after 100 fs
not more charge than a quarter of one unit of e has been transferred in TDLSDA. Already
this time scale is tedious for TDGKLI-SIC propagation and I expect the first electron to
jump not before 200 fs. Third, I expect spin-symmetry breaking to be important also during
the time propagation to realize the transfer of the first integer unit of e. For the role of spin-
symmetry breaking in TDDFT, see also Refs. [FRM11), DL11]. It remains to be investigated
if and how this may succeed with TDGKLI-SIC.

Yet, already the short time evolution discussed in reveals the TD step structures
that are important for reliable CT simulations. This together with the integer preference
and occurring step structures of the model system in static CT situations raise hope that
(TD)GSIC is a valid functional for investigations of electron transport in more complex and
more realistic CT scenarios.

! Calculations were performed on an ellipsoidal grid with semi-principal axes of 50 bohr along the z-axis
and 28 bohr perpendicular to the x-axis. The absorbing-boundary layer was 2.5 bohr thick.
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4.2.2 The performance of GSIC on charge-transfer excitation energies

Having discussed static and explicitly TD simulations of charge transfer in Sec. 1 finally
turn to another important field of CT investigations, namely to CT excitations energies
that are part of the linear response absorption spectra. In the literature, assessments of
the performance of xc¢ approximations on CT excitation energies are mostly carried out
with transparent test systems in the long-range CT limit with almost vanishing orbital
overlap of Sec. using the Casida approach [DWHGO03), [GB04, THG10]. In this case, the
decomposition of the underlying transition into occupied to unoccupied orbital products can
be used to identify CT excitation energies. The latter in turn allow for a straight forward
investigation of the 1/R dependence and comparison to excitation energies obtained from
higher level wave-function theory reference calculations. Very long-range CT excited states
carry only an almost vanishing oscillator strength because of the exponentially decaying
overlap between the D and A moieties. Therefore, although they are still visible in the
Casida-type linear response formalism, detecting very long-range CT excitation energies
from the RT dipole signal is impracticable as the latter relies on non-vanishing transition
dipole moments.

Alternative CT test systems are provided by the study of Peach et al. in Ref. [PBHTO0S].
It includes CT excited states that where classified as being of short-range and of long-range
CT type. For the investigations of the performance of TDGKLI-SIC on CT excitation ener-
gies, I chose two systems: 4-(N,N-dimethylamino)benzonitrile (DMABN) [JETL02, PBHTO0S)]
and a dipeptide molecule [SAF98, TAH"99, PBHTO08| RLG10]. In DMABN, a local excita-
tion is seen experimentally at 4.25 eV and an excitation that has been classified as being of
short-range CT character [JETLO02| at 4.56 ¢V. The dipeptide is a hallmark CT test system
that exhibits a long-range CT excitation from one peptide unit to the other [RLG10] at 7.18
eV in the complete active space perturbation theory of second order (CASPT2) reference
[SAF98]. Whereas in case of DMABN local and semilocal functionals yield a reasonable
description of both the energetic position and the character of the lowest CT excitations,
(semi)local functionals as well as standard hybrid functionals fail badly in case of the dipep-
tide [PBHT0S].

[Pub?| and [Pub4] demonstrate that TDGKLI-SIC improves the situation. To clearly re-
late excitation energies computed via different functionals and methods (RT propagation,
Casida approach, and others), and to identify CT excitation energies uniquely, I developed
the transition density analysis idea that is outlined in Sec. [2.3] Based on this identification
tool, one observes that TDGKLI-SIC correctly shifts the lowest TDLDA excitation energies
of DMABN by about 0.2 eV to 4.1 eV (local) and 4.4 eV (short-range CT'). Thus, it improves
local and short-range CT excitations towards experimental results without spoiling the rea-
sonable accuracy that already (semi)local functionals have. In the dipeptide, the TDLDA
CT excitation energy underestimation is more severe: The CASPT2 CT excitation at 7.18
eV appears at 5.2 eV in TDLDA. Again TDGKLI-SIC improves and the lowest CT excitation
energy of the dipeptide appears at 7.2 eV. This demonstrates the power of TDGKLI-SIC to
correctly describe long-range CT excitations in the framework of KS TDDFT. Note that in
contrast to the findings of the previous section, the improvements of excitation energies are
obtained without breaking the spin symmetry. This observation emphasizes the importance
of the spatial structure and frequency dependence of the xc potential in TDGKLI-SIC for a
reliable description of CT phenomena.







Chapter 5

Excitation-energy transfer

On grounds upon which we cannot enter here, we have to assume that a
small system can by its very nature possess only certain discrete
amounts of energy, called its peculiar energy levels. The transition from
one state to another is a rather mysterious event, which is usually
called a ’quantum jump’.

Erwin Schrédinger
What is life? (1944)

Electronic ezcitation-energy transfer (EET) after light absorption is one of the key processes
in the natural light harvesting (LH) event and a prerequisite for charge generation in the
LH reaction center [Kih95l [CF09]. The efficiency of the entire light harvesting process is
determined by the rates of charge transfer and EET of many single transfer steps contributing
to the entire mechanism. These rates are affected by a number of different properties and
phenomena: the electronic structure of the single chromophores, the electronic coupling
between different system components, the geometry and arrangement of all constituents,
the energetic and position (dis)order, and the interplay with the environment. TDDFT
naturally lends itself to be used for investigations of the intermolecular coupling strength and
has been applied [HFHGHGOT, Hsu03, Neu07, Neu08, MLCGMO0S8, [FKH™08, (CMLM™09,
SFK09] using the Casida approach. In Sec. [5.1] T present a real-time TDDFT approach
for investigating the intermolecular coupling strength and coupling mechanism. Real-time
approaches are a good starting point for including decoherence and relaxation processes that
are needed for studying EET. However, to investigate the RT dynamics of a system in contact
with a dissipative bath, one needs to go beyond the standard TDDFT scheme and apply
open quantum system ideas. Here, I use an approach that is based on the stochastic TD
KS equation [DVDO7, DDV08, [ADV09, [ADVTIl, MMNT™12|. I give a short introduction to
this method in Sec. and present how it can be exploited to investigate EET in circularly
arranged supermolecular setups in Sec. [5.3]

5.1 Intermolecular coupling and real-time TDDFT

The Forster model is probably the most prominent method to interpret experimental data of
EET [Ford6), [Fords| [For6s, New91l [Spe96], HDRS98, [Sch03, ISPB™06, MNMBOT, BWLT07,
KN12]. However, when using this model for the interpretation of actual data one should
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always check its validity as, e.g., the applicability of Forster theory depends on the underlying
coupling mechanism between the donor and the acceptor moiety. Forster theory relies on
a dipole-dipole interaction between the transition dipole moments on D and A. Based on a
formulation in the weak coupling limit, the Forster EET rate exhibits a characteristic 1/R°
dependence. Therefore, when applying Forster theory for instance as a spectroscopic ruler
on the nanoscale [Str78|, it should be clarified if the assumptions on which Férster theory is
based are fulfilled.

The first investigations of the coupling strength and coupling mechanism [Hof08] between
a donor and an acceptor molecule focused on the distance dependence of the coupling strength
in an attempt to distinguish between Forster- and non-Forster-type coupling in a resonant
situation of two equal molecules. This work is published in It demonstrates in a test
system of two sodium dimers and a more realistic system of two benzaldehyde molecules
at which distance the Forster-type coupling approximations breaks down. To this end, a
multipole expansion is performed explicitly in the Hartree contribution of the KS potential
along two routes, namely starting from the Hartree energy and starting directly on the level
of the Hartree potential. This expansion is truncated after the dipole-dipole coupling term.
argues that the expansion route starting from the Hartree potential yields a potential
with a more natural behavior and, therefore, uses this potential during time propagation. I
explain the potential expansion idea in greater detail together with its implementation to
the PARSEC code in Appendix [D.I} From a comparison between two real-time evolutions
of the coupled system of two molecules, one with the full Hartree potential and one with
the Hartree potential in multipole expansion and truncated after the dipole-dipole term, one
can distinguish between Forster- and non-Foérster-type coupling in both example systems.

Second, [PubI]suggests a scheme to directly compute the intermolecular coupling strength
from the real-time propagation of two interacting molecules. This investigation is based on
the Davydov splitting and extracts the coupling-matrix element between the initial and the
final state of EET from the dipole moment time evolution using a resonant two-level model.
It clearly reveals in the sodium dimer test case that the coupling is of dipole-dipole type for
distances above 25 bohr, whereas clear deviations from the dipole-dipole character can be
observed for distances below 20 bohr.

However, to also investigate the influence of the energetic alignment of two neighboring
molecules on the coupling strength one needs to go beyond the resonant coupling case. The
illustration in the following is based on the well-approved Nag model system of [Pub1][f] For
excitations oriented along the bond axis, Nay is almost a single level system as there is
one prominent excitation at 2.1 eV and a second excitation at 4.1 eV with notably smaller
oscillator strength. Nag exhibits strong dipolar character and the electronic structure can
be modified easily by bond-length variation starting from the experimental bond length of
5.78 bohr. The relation between bond-length variation and energetic detuning is depicted
in the left part of Fig. Due to variations of the bond length on the order of 1 bohr,
excitation-energy shifts of about 0.25 eV can be induced.

In an off-resonant coupling situation between two isolated excited molecules where two
excitation energies are close and all others far off, a two-level picture [Neu08| similar to
can be applied to determine the coupling-matrix element. In analogy to the resonant case,

L All calculations in this chapter are based on the LDA functional. I used real-space grids with a grid
spacing of 0.7 bohr, an LDA pseudopotential with a core cut-off radius of r.(Na) = 3.09 bohr, and propagation
time steps of 0.003 fs for closed quantum system and 0.001 fs for open quantum system investigations.
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Figure 5.1: Left panel: Excitation-energy variation of one sodium dimer depending on vari-
ations of the bond length. T computed this property from a supersystem calculation as ex-
plained in Appendix [D.2]using 20 bohr and 25 bohr dimer distances. Right panel: Coupling-
matrix element calculated in a system of two Nag depending on the energetic off-resonance
(shift of the excitation energy from its value at the GS geometry) of one of the dimers.

the coupling strength can be extracted from a suitable observation of the dipole moments of
each subsystem (for details, see Appendix . The results of the coupling-matrix element
as a function of the energetic off-resonance of the excitation energy of one of the dimers are
shown in the right part of Fig. [5.I] One observes a general trend of the coupling-matrix
element to decrease with increasing excitation energy within the data range investigated
here. A clear resonance peak of the coupling strength appears at the resonant coupling
situation. It is by about a factor of 1.4 larger than the coupling in off-resonant situations. In
summary, RT propagation TDDFT provides a tool not only to distinguish between Forster-
and non-Forster-type coupling but also to compute the coupling-matrix element in resonant
and off-resonant coupling situations based on two-level models.

5.2 Open quantum systems in the density functional context

So-far, I have been discussing RT TDDFT methods to approach electronic excitations and
the coupling between separated fragments of supermolecular setups. This closed quantum
system TDDFT formulation describes the coherent system evolution, but does not include
decoherence and dissipation effects. Therefore, to study the role of coherent energy transfer
and the environment of the system for EET pathways and time scales in the context of LH
systems, one needs to go beyond the closed quantum system formulation. Usually, such
studies are based on the density-matrix formalism and master equations where the models
of Haken and Stobl, the model of Redfield, polaron modifications, or related theories are
employed [JJS02, YF02, JCRE0S8, TF09, RMAG09, KNOCII] [Sil11]. The latter approaches
typically use input such as coupling parameters and excitation energies from the experiment
or from electronic-structure theory. Here, I introduce an alternative to master equations
that addresses the EET problem directly from the electronic-structure theory perspective.
It rests upon RT TDDFT and uses the stochastic TD KS equation [DVDOT7, [DDV08],[ADV(9,
ADVTI, MMNT™12|. The rationale behind this approach is to use the strength of (TD)DFT
in describing static and dynamic properties of the electronic structure, while the interaction
with the system’s environment is treated effectively via the open quantum system scheme.
The approach opens a path for investigating the influence of electronic-structure properties
on EET. I start with an introduction to the stochastic Schrodinger equation (SSE) and outline
recent research about using SSEs in KS TDDFT.
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5.2.1 The Stochastic Schrodinger equation

The stochastic Schrédinger equation is an alternative formalism to quantum master equations
that is able to deal with quantum systems in contact with an external bath [DCM92| [GN99,
BP06, VK07, [Wei08, MMNT12|. It exhibits some advantages in the TDDFT context as
I outline at the end of this section. In contrast to quantum master equation approaches,
the SSE does not work on the level of density matrices but uses a statistical ensemble of
state vectors to unravel the open quantum system dynamics directly on the level of wave
functions. To this end, the so-called Feshbach projection-operator method can be employed
to separate the system and bath degrees of freedom of a combined Hamiltonian of system and
environment [DCM92| IGN99]. Such approaches start from a total Hamiltonian for system
and bath where the system degrees of freedom are coupled to a bosonic environment

H=Hs® Ig+ Is ® Hg + AHsg. (5.1)

Is and Iy denote identities in the system (S) and bath (B) Hilbert spaces. Here, the system
includes all dynamics and observables of the core system, e.g., of one molecular complex.
The bath and system-bath coupling describe the environment as for example surrounding
molecules and its interactions with the core system part. The system of interest is described
by the many-particle Hamiltonian

N . NOENE: N
Hg = Z |:[pz =+ Ae;t( irt)] + vext(ri,t)] + Z W(r; — rj) (5.2)
i=1 i<j

of the electronic degrees of freedom, where p is the momentum operator, A.y an external
vector potential, vext a scalar external potential, and W describes the particle-particle inter-
action. Spin indices are omitted here and in the following. The environment, given by Hp,
induces a fluctuating force that drives the system due to the interaction between the system
and the bath

Hsp =Y  Sa® Ba. (5.3)

The latter is expressed by many-particle operators S, and B, in the most general case,
where S, operates on the system degrees, B, on the bath degrees of freedom, and « denotes
different possible system-bath coupling mechanisms. The bath may have a complex structure
and not all of its microscopic details are relevant for the system dynamics. The driving force
that is induced by the bath may, therefore, be subsumed by a stochastic noise that can
usually be characterized by mean values and correlation functions [GN99|. A determines the
strength of the system-bath coupling and serves as an expansion parameter.

The derivation of the SSE in the so-called Born-Markov limit involves some approxima-
tions [DCM92, [GN99, [ADVTI, MMN™12|: The Born approximation assumes that a pertur-
bative expansion up to second order in the coupling parameter A is sufficiently accurate.
The description of the environment in terms of the bath relies on the fact that the bath
degrees of freedom form a dense energy spectrum and remain in thermal equilibrium. The
Markov approximation amounts to assuming that the bath thermalization time scales are
much shorter than relevant system time scales. Thus, the bath does not retain memory of
the system-bath interaction at previous times. Moreover, the derivation invokes that there
are no initial correlations between system and bath and the phases of the bath degrees of
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freedom can be described by a random-phase approximation. Finally, one arrives at the SSE
in the Born-Markov limit [DCM92| [GN99 [ADV11] MMN™12]

10, Ug(t) = Hglt —fZSTS W (t +Zz (t)S, Vst (5.4)

where [, (t) are stochastic processes with vanishing ensemble average and J-time-correlation

la(t) = 0, la()l5(t") = 0, I(8)l5(t') = dapd(t —t'). (5.5)

The bar denotes the statistical average over an ensemble of stochastic processes. For the sake
of convenience, the coupling strength parameter A has been absorbed in the bath operator
Sq. The first term of the SSE determines the usual unitary system evolution under
the action of the Hamiltonian Hg. Although the SSE employs the system Hilbert space
only, the coupling to the bath is still included by the second term that describes dissipation
effects due to the system-bath interaction. Finally, the third term introduces fluctuations in
the time evolution: Although the dissipative term causes the probability density to decay in
time, the norm of the state vector W(t) averaged over a statistical ensemble of realizations
is conserved up to fourth order in the system-bath coupling parameter A. For the sake of
a clear notation, in the following I use only a single bath operator S and, therefore, omit
indices at the bath operator. A single bath operator is sufficient for the investigations of
Sec. B3] as well.

As a result of the stochastic nature of Eq. the system wave function can not be
simulated by a single evolution of the SSE but needs to be represented by a statistical
ensemble of wave functions {W4(¢)}. Starting from a pure initial state, the time evolution of
expectation values

< Og>=<Y(t)|Og|¥(t) > (5.6)

of physical observables Og can be calculated from the statistical average over all ensem-
ble members {U,(t)}. Yet, it is important to note that a reliable computation of smooth
observables requires a large enough set of stochastic realizations.

Finally, I address one of the noteworthy differences of the SSE and Redfield and similar
magster-equation-type approaches. In the latter, positivity of the statistical operator may not
be guaranteed in cases of stochastic Hamiltonians, TD Hamiltonians, or TD bath operators
[FO05, DDV08, DDV09]. The SSE yields normalized ensemble-averaged wave functions
with a positive weight for arbitrary TD operators, thus positivity is guaranteed in any
case. This aspect is particularly important if one intends to use KS Hamiltonians and DFT
approximations that depend on internal degrees of freedom of the system for each ensemble
member separately, as this renders the Hamiltonian stochastic [DVD07, IDDV08, [DDVQ9].
Hence, the SSE is a solid starting point for a DFT theory of open quantum systems.

5.2.2 Stochastic Schriodinger equation and Kohn-Sham density functional
theory

In this section, I begin with an introduction to the open quantum system SSE approach in the
framework of TD current density functional theory (TDCDFT) of Refs. [DVDO07, DDV0§]. In
contrast to standard TD(C)DFT, the open quantum system scheme uses ensemble-averaged
quantities. Therefore, one introduces the ensemble-averaged particle density

n(r,t) = (n(r)), (5.7)
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where the density operator is defined as

and the ensemble-averaged current density

j(r7t> = <j(r7t)>7 (59)

where the current operator reads

1 N

j(r,t) =5 2 {0(r — 1), Pi + Aext(ri, 1)} (5.10)
and {.,.} denotes the anticommutator bracket. The theorem of stochastic TDCDFT of
Refs. [DVDOT7, [DDVO0S§| states that under reasonable physical conditions for a given and
fixed bath operator S, many-particle interaction W, and initial state ¥(¢y = 0) a one-to-one
correspondence between the external vector potential Aex(r,?) and the ensemble-averaged
current density j(r,t) exists. The theorem paves the way for a non-interacting KS scheme of
open quantum system TDCDFT as it guarantees the existence of a KS system that yields
the same current density as the true interacting system. The KS Hamiltonian reads

N A A r:.t 2
P; ex Iiut xc\14) t) + r;.t 5.11
|:[ t( ) ( )} —i—’l)ext(ri, ) UH( 2] ) ( . )

Hys ({re},1) = 5

i=1

with the xc vector potential Ay.(r,t) and the Hartree potential vg(r,t). The KS Slater
determinant ®ks(t) evolves according to the open system KS equation [DVDOT7|

0, Bcs (1) = Hicsics (£) — %ST&DKS(t) +U(#)SDics(8). (5.12)

The xc vector potential in the open quantum system approach may in general depend on
j(r,t), the initial states U(¢g) and ®xs(to), and the bath operator S. For practical calcula-
tions, however, one needs to rely on existing approximations for the xc vector potential as
the true Axc(r,t), especially in open quantum systems, is not known [DVDOT].

The proof of the stochastic TDCDFT theorem is based on the reasoning of well-known
proofs of TDDFT [RG84, vL99] and TDCDFT [Vig04] and discussed in detail in Refs.
[DVDO07, DDV0S, [ADV11]. Therefore, I do not reiterate the entire proof, but focus on some
crucial aspects and comments. First, a notable difference between the closed and the open
quantum system approach is that the usual continuity equation between the density and the
current density does not hold in the open quantum system case. Due to the coupling to the
external bath, additional terms appear in the equation of motion of ensemble-averaged ex-
pectation values [[Fre90, DDVO08|. The continuity equation of the ensemble-averaged density
and current density reads

on(r,t) = =Vj(r,t) + Fp(r,t), (5.13)

where the density modulation that is induced by the bath is described by

Fi(r,t) = %(25%5’ — StSn — nStS). (5.14)
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The proof of the above stated one-to-one correspondence requires implicitly that Fg(r,t) is a
functional of n(r,t) and j(r,¢) alone and that Eq. can be solved uniquely to determine
n(r,t) [DDVOS, DDV09, [ADV11]. However, although there is a unique relation between the
density and the current density, the proof guarantees only the one-to-one correspondence
between m and the vector potential. Therefore, the ensemble-averaged density of the
true and the non-interacting system are not necessarily equal.

Second, the effect of the scalar potential vex(r,t) is not discussed explicitly in Refs.
[DVDOT7, DDVO0S8| as it can be eliminated by a gauge transformation at all times [Vig04].
In the context of a non-interacting representation of an interacting many-particle system
the use of scalar potentials is accompanied by difficulties: Even if a given current density is
v-representable in an interacting many-particle system, the current density is not necessarily
v-representable in the non-interacting representation of the same system [DV05].

One important application of open quantum system schemes are quantum transport
problems where one is interested in the spatial distribution of the current density to inves-
tigate charge flow. Yet, the investigation in the following approaches EET processes where
no charge transfer occurs. Such investigations can be based on the density and its moments
alone without explicit need for the current density. From a practical point of view, the num-
ber of available approximations for Ay.(r,t) is limited, whereas there are plenty of choices for
approximations for the (TD)DFT xc potential. Also for numerical reasons a density-based
approach is preferable. For applications that are based on the time evolution of the density
it is of great interest to find an open quantum system approach in the framework of TDDFT.

Extensions of TDDFT to open quantum systems were already performed by Burke et
al. [BCGO5| and Yuen-Zhou et al. [YZTRRAGI0| based on density matrices and master
equations. Both strategies aim at the representation of the density of the interacting open
quantum system by an auxiliary system with a different particle-particle interaction. To
prove the validity of such approaches, one needs to find the corresponding external potential
of the auxiliary KS system that produces the same density under given conditions. The proofs
of Refs. [BCGO5| and [YZTRRAGI10| are based on the reasoning of Refs. [RG84, vL.99, [Vig04]
and rely on assumptions about the action of the bath operator. Yet, to the best of my
understanding, details about the consequences of these assumptions, in particular with regard
to practical calculations and choices of the bath operator, are open questions in the field,
and the use of approximate KS Hamiltonians in master equations is debated. Moreover,
a conclusive extension of the proof of stochastic TDCDFT that abandons the ensemble-
averaged current density and establishes an open quantum system TDDFT scheme based on
the ensemble-averaged density alone is not available yet.

5.2.3 A single-particle approach in practice

Practical applications of stochastic TDDFT so far rely on approximate realizations of the
stochastic formalism in KS TDDFT. In the approach of Refs. [ADV09, [ADV11], a heuris-
tic bath operator [PDVO0S§]| is used that applies to single TD KS orbitals and allows for a
single-particle KS approach to the open quantum system problem. In collaboration with
Massimiliano Di Ventra and Heiko Appel, I applied a stochastic TDDFT scheme according
to this rationale. The following investigations are based on the stochastic single-particle KS
equations ‘

stsigoi(r,t) + U(t)sipi(r, ), (5.15)

10ppi(r, t) = hks(r,t)pi(r,t) — ;
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the usual non-interacting single-particle KS Hamiltonian of Eq. , and specific single-
particle bath operators s; [ADV09, [ADV11]. In the following, xc effects are approximated
by the LDA. The heuristic bath operator of the investigations presented below is introduced
and motivated in Sec. Beyond that, I also investigated the theoretical justification of
this approach. More background about these investigations is presented in Appendix [D.3.1]

The open quantum system simulations were carried out using the quantum-jump al-
gorithm [DCM92, IGPZ92, BP95, IBP06| that has been introduced in the context of open
quantum system KS equations in Ref. [ADV1I]. The algorithm is implemented in a cus-
tomized version of the PARSEC program package. Details on the bath operator implemen-
tation are gathered in Appendix The quantum-jump algorithm relies on a piecewise
deterministic evolution of the norm-preserving single-particle equations

10,p:(r, £) = hics (. )pi(r,8) = Sslsipi(r,t) + Slsii(r, ) Poi(r, ) (5.16)
that are interrupted by quantum jumps. These jumps occur in the entire system and repre-
sent the non-deterministic action of the bath. The points of time where such a jump occurs
are determined by a random process according to a waiting-time distribution. However,
as in general this waiting-time distribution is not known beforehand, it needs to be deter-
mined alongside the actual propagation of Eq. (for details, see Ref. [ADV11]): The
waiting-time distribution can be determined from the decay of the norm

N
w0 = 3 [ e ol as (517)
=1

of an auxiliary system of N particles in contact with the single-particle bath operators s;
starting from the same ground state and boost excitation as the original system and evolving
according to '

10,01 (1) = hics (v, )™ (1,1) — Sl sigp ™ (r, ). (5.18)
In this system, norm conservation is not build in explicitly. One obtains single waiting
times that represent quantum-jump times by drawing random numbers in the interval [0,1]
and choosing the time 7" when n(7') drops below this number. The waiting-time distribution
follows from many samples of such single quantum-jump times. Each of these processes yields
one KS orbital set {¢; s(t)} that is one member of the statistical ensemble of KS orbital sets.
Physical observables are calculated from the statistical average over all ensemble members.

5.3 Pathways and time constants of excitation-energy transfer

5.3.1 The excitation-energy transfer model system

In the following, I use the stochastic open quantum system formalism introduced in the
previous section with a heuristic bath operator for practical applications in the area of EET
with the objective of studying EET in a supermolecular arrangement of molecules: 1 study
a model system of circularly arranged molecules that is designed in analogy to circular LH
complexes of the antenna system of LH organisms (see Fig. . The aim is to investigate
the influence of electronic-structure properties on EET time scales and pathways in such
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Figure 5.2: Circular arrangement of eight
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supermolecules, especially the influence of the coupling and the energetic alignment. With
this in mind, the physical picture behind these calculations is the following: One molecule
of the complex gets excited via light absorption. Then, the excitation travels in the system
due to the electronic interaction between the molecules. As a result the excitation spreads
over the entire complex and I intend to measure the time scale of this excitation spread.

In a circular arrangement of molecules, there are at least three time scales relevant for
the signal observed on the ring: the time scale related to the energy of the excited states,
the time scale due to intermolecular coupling (here, more time scales are involved if the
system is partly or in total off-resonant), and the time scale due to dissipative bath action.
The latter process is needed to break the coherent evolution of the system (see Sec. [5.3.3
for an illustration). To allow for the investigation of the influence of electronic-structure
properties on the excitation-energy spread, its time scale needs to be chosen such that it
does not interfere with the EET time scale that is determined by the coupling mechanism
and coupling strength. In this sense, the bath mechanism that I introduce in the next section
plays the role of a measurement process.

In the basic model setup consisting of eight molecules as indicated in Fig. [5.2] all
molecules in the circular arrangement and all intermolecular distances are equal. The actual
study uses the Nays model system, but the considerations in the following are not restricted
to dimers and can be applied to more general systems. All sodium dimers are aligned along
the z-axis and placed according to the setup of Fig. Their centers of mass are in the
x-y-plane. Initially, starting from the ground state of the setup I introduce an excitation at
one of the molecules. To be explicit in the assignment, I chose molecule mb. 1 simulate the
excitation due to light absorption by a momentum boost oriented along the z-axis. In the
Nay case, this dominantly amounts to an excitation at 2.1 eV. In practical calculations, the
boost is applied only in one section of the real-space grid, so that only molecule mb gets
excited (see Appendix for details about the implementation). Defects in terms of vari-
ations of the electronic structure can be introduced easily by Nas bond-length variation. To
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guarantee unambiguousness and transparency of the investigations in the following sections,
I modify only molecules m3 and m7, and fix all other system components. The relevant
coupling parameters of Nag are discussed in detail in Sec. |5.1

5.3.2 Practical simulation approach

The bath operator is supposed to act as an effective measurement process that allows to
measure the time an initial excitation travels within the ring system. In the setup of Fig.
[.2] it operates on molecule m1 on the opposite side of the initial excitation to measure the
time scale the excitation needs to travel halfway through the ring. The measurement process
is supposed to model deexcitation, thus remove the entire excitation energy out of the system
when the initial excitation has reached molecule m1. In contrast to true molecules where
the excitation moves due to relaxation to lower lying energy levels, here the measurement
processes immediately brings the supermolecule back to its ground state. The bath operator
needs to model an incoherent mechanism without back transfer from the bath to the system.
I assume that the bath is sensitive to dipolar excitation and couples to the dipole moment
of molecule m1. For these reasons, the bath operator has the following structure

5 — \ﬁ|d1(t) ;)dl(tON |0 (to)) (i ()] (5.19)

with three specific contributions. The first factor /7 is a free parameter that includes the
effective decay rate . The second factor is sensitive to local changes of the dipole moment
|di(¢) — di(to)| of molecule m1. Here, the index denotes molecule m1 and indicates that
the dipole moment is calculated only in the section of the grid that corresponds to ml.
This factor ensures that the bath couples only to dipolar excitations and it renders the bath
operator sensitive to the dipolar excitation that has reached molecule m1. D denotes a
normalization factor of the dipole moment variations and needs to be chosen reasonably as
discussed below. The third factor is a projector that takes the TD KS orbitals and projects
the latter back onto their corresponding GS orbital. Details about the implementation of
this bath operator and examples of alternative heuristic bath operators are assembled in
Appendix

Having chosen one specific definition for the bath operator, I first assess its functionality,
i.e., I adjust the normalization factor D and investigate its performance on a single Nas.
The aim of this investigation is to find D such that the functionality of the scaling factors
V7 and (|d1(t) — di(to)|)/D in front of the projector is clearly split into two contributions:
D needs to be determined such that the decay time 7 of the relaxation process is determined
only by the decay rate «, thus 7 = 1/+. The dipole dependent scaling factor is intended to
guarantee for the coupling to the dipole moment of molecule m1 and should not interfere
with the role of 7. Therefore, the normalization factor needs to be adapted to the dipole
oscillations of the isolated model molecule m1, i.e., of one isolated Nas.

In the procedure for the determination of D, I calculated 100 fs of the dipole moment
time evolution of a single Nay in a closed quantum system after an initial momentum boost
that was applied along the bond axis of the dimer. Here, only the dipole moment along this
axis gets excited by the boost and the investigation can be restricted to this dipole moment
component. There are various different options to determine the normalization based on the
existing dipole moment data: D may be chosen to be the first maximum, the average over
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all maxima, the absolute average, and the absolute square average of the dipole moment. I
found by numerical tests that only normalization according to the average of the absolute
square of the dipole moment gives an exponential decay with time constant 7 that I aimed
at by setting the decay rate. This observation is robust with regard to different decay-time
constants as Fig. shows. All computed decay times are in accordance with the preset
decay rate.

Another influencing factor on the determination of D is the energy that one introduces
to the system by the boost excitation. I interpret the excitation procedure as a single
absorption process of one energy portion. The dissipation of such an energy portion due to
the measurement process should be independent of the boost strength as long as the boost
strength corresponds to a single excitation process. Therefore, in the single excitation case,
the normalization factor needs to be adapted to the boost strength. I guarantee for the boost
strength adaptation by always determining D from a closed quantum system calculation with
the same initial boost excitation as in the open quantum system calculation that I aim at.
In the following, a boost with 0.001 eV excitation energy is used consistently. The thus
obtained normalization factor yields a decay time that is independent of the boost strength.

The excitation process could likewise be performed by application of an external laser
field. In this case, an instantaneous excitation could be simulated by a short pulse and the
determination of the normalization factor should then be performed using the dipole signal
after the pulse excitation.
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Figure 5.4: Left, ensemble-averaged dipole moment (z-component) and, right, total energy
of a single molecule in contact with a dissipative bath that induces a decay time of 10 fs.
Both figures are calculated from an ensemble of 200 members.



48 CHAPTER 5. EXCITATION-ENERGY TRANSFER
E o1sf © T om7
= 0.1t 1 Figure 5.5: Time evolution of the dipole mo-
g | | ment (2-component) of four molecules of a
% -0.05 1 1 circular setup of eight equal sodium dimers
Em _(ﬁ; I S | according to Fig. The intermolecular dis-
T T asE T m ] tance is 20 bohr. Here, an initial boost exci-
= ol ] . tation was applied at ¢ = 0 in the subsys-
g 00 tem m5 and no dissipative mechanism acts
% 005 | within the entire system. The oscillation pat-
g _(fl'é I ] I ] tern emerges due to interference of the dipolar
0 20 40 60 80 100120 © 20 40 60 80 100120 €XCitation that is traveling in the ring system

time [fs] time [fs] along both directions.

Having discussed the norm decay in detail, T finally provide some insight into how the
bath operator works by investigating some relevant observables. The exponential decay of
the norm translates into an exponential decay of the total energy and the envelope of the
dipole moment oscillation (see Fig. . Thus, the bath operator fulfills all desired criteria,
and is ready for application in more complex molecular systems.

5.3.3 Resonant excitation spread and decay time constants

As a first step towards the investigation of EET in circular supermolecules, 1 study the
perfectly resonant coupling situation where all molecules are the same. I use the setup
of Fig. with an intermolecular distance of 20 bohr and perform the boost excitation
at molecule m5 as explained in Sec. I start with the fully coherent case without
system-bath coupling. The time evolution of the dipole moment of four molecules of this
ring configuration is depicted in Fig. 5.5 One observes a fast oscillation of the dipole
moment that corresponds to the lowest excitation energy of the model system at 2.1 eV
while the envelope follows an interference pattern: At different points of time the largest
dipole moment amplitude can be observed at different subsystems. This interference pattern
emerges as the dipolar excitation travels in the ring system along both directions. It is
governed by the intermolecular coupling strength, i.e., the time an excitation needs to be
transferred between neighboring molecules. In the model system at a separation of 20 bohr,
the coupling strength is 0.038 eV (see [Publ]). Thus, if two of those model molecules were
isolated, one would observe a resonance oscillation with a cycle duration of 107.8 fs where the
maximum amplitude of the dipole oscillation can be observed on one of the two neighbors
after each quarter of one period. In the circular setup, however, every molecule has neighbors
on both sides, thus providing a pathway for excitation-energy spread.

I now add the bath mechanism of Sec. acting on molecule m1. To measure the EET
time, the bath needs to break the interference of the so-far fully coherent energy spread, thus
it needs to operate on a comparably short time scale. Here, it acts with a decay time of 5 fs.
This choice is motivated further in the following. I depict in Fig. the time evolution of
the dipole moment of four molecules like in Fig.[5.5] Due to the bath mechanism, one further
time scale comes into play and one observes clearly how the oscillation of the dipole moment
decays in all subsystems of the ring due to the dissipative process. The coupling to the bath
breaks the coherent evolution and causes relaxation of the system back to its ground state.
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To be able to measure the traveling time of an excitation in the circular setup, the decay
time needs to be chosen short enough to sample the initial stage of the coherent EET before
the interference pattern starts to build up. In the example of Fig. the decay time of 5 fs
fulfills this criterion: The dipole oscillation at molecule m1 reaches only one maximum and
subsequently decays to the ground state, thus no noticeable interference emerges.

I measure the time that the excitation needs to travel from molecule m5 to molecule m1
in terms of the lifetime of the excitation on the ring before relaxation occurs. To this end,
I monitor the decay of the norm n(7T) of the auxiliary system and take the quantum-jump
times T" when n(7T") drops below preset thresholds. For the present setup and bath operator,
a single simulation of the auxiliary system with a late quantum jump is sufficient because for
each of the ensemble members the time evolution consists of two unique parts: a deterministic
time evolution until the quantum jump occurs and a trivial time evolution after the system
has jumped back to the ground state (for more details, see Appendix . However,
due to the interference along the excitation spread, monitoring just a single threshold of
this norm decay may be dominated by interference effects, thus its meaningfulness may be
compromised. Therefore, I considered the norm decay down to three different thresholds:
0.100, 0.050, and 0.012. The quantum-jump times T for the perfectly resonant situation
are listed in Table They serve as a good starting point for investigating the influence
of electronic-structure properties on the time an excitation needs to spread in the circular
arrangement of sodium dimers with an intermolecular distance of 20 bohr.

5.3.4 Influence of energetic off-resonance

Having examined the resonant excitation-energy spread, I now assess the influence of ener-
getic off-resonance on the EET time scales by introducing defects in the ring setup. Such
defects can be inserted via bond-length variations and/or removing one of the molecules.
I compare in Table the quantum-jump times T to the fully resonant situation of the
previous section. I found that small changes of the bond length of -0.1 bohr in molecule
m3 or in both molecules m3 and m7 result only in a minor increase of the time scale set
by the resonant case. Larger increases of the quantum-jump time T can be observed in
cases where in one of the molecules the bond length is changed by -0.5 bohr. Note, that
already in this data set the influence of interference effects on the quantum-jump times can
be observed: While the times corresponding to the decay down to n = 0.100 and n = 0.012
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m3 m7 n=0.100 n=0.050 n=0.012
0.0 bohr 0.0 bohr | 52 fs 75 1s 117 fs
-0.1 bohr 0.0 bohr | 56 fs 110 fs 121 fs
-0.5 bohr 0.0 bohr | 84 fs 97 fs 143 fs
-0.1 bohr -0.1 bohr | 57 fs 112 fs 123 fs
-0.1 bohr -0.5 bohr | 85 fs 97 fs 157 fs
-0.5 bohr -0.5 bohr | 166 fs 181 fs 211 fs
removed 0.0 bohr | 80 fs 89 fs 125 fs
removed -0.1 bohr | 99 fs 125 fs 147 fs
removed  -0.5 bohr | 205 fs 227 1s 265 fs

Table 5.1: Quantum-jump times 7" where the norm n(7T') of the decaying auxiliary system
drops below 0.100, 0.050, and 0.012. The calculations are performed in a circular setup of
model molecules (see Fig. with an intermolecular distance of 20 bohr. T modified the
electronic structure by systematically introducing defects in the molecules m3 and m?7 in
terms of bond-length variation and/or removing one of the molecules. These modifications
are indicated in the first two columns of the table. A bond-length reduction of 0.1 bohr
(0.5 bohr) of one Nag amounts to an energetic detuning of the excitation energy of 0.049 eV
(0.135 eV) and a reduction of the coupling-matrix element of 0.006 eV (0.012 eV).

give a clear picture, quantum-jump times at 7 = 0.050 may exhibit a different behavior. Yet,
one observes a clear rise of the transfer time as soon as the more severe defect of -0.5 bohr
bond-length variation is introduced in both pathways between the initially excited molecule
and the molecule where the measurement process works: All quantum-jump times increase
by about a factor of two.

As an alternative defect, I investigated a setup where molecule m3 is removed from the
ring. In this case, the coupling between molecules m2 and m4 is smaller by about a factor
of one-eighth than the previous coupling strength between m3 and its neighbors because
of the almost dipolar coupling in this distance regime. In this situation, as long as all
other molecules are perfectly resonant, the quantum-jump times increase by about the same
amount as they did due to less severe defects in molecule m3. Yet, introducing further defects
in molecules m7, the energy-transfer process slows down notably as one observes the longest
quantum-jump times in case of removed molecule m3 and bond-length variation of -0.5 bohr
in molecule m7.

In conclusion, I found that in cases of resonance or close to resonance the EET time scale
is not affected much by variations of the coupling strength and interference effects play a
role for quantum-jump times corresponding to specific setups. However, as soon as sizable
defects occur in both pathways of EET, the time scales determined by the measurement
process notably increase. As a result EET is substantially hindered.

5.3.5 Influence of the intrasystem coupling

In the final investigation of this section, I examined the influence of the intermolecular elec-
tronic coupling mechanism on the quantum-jump time, especially the difference between
full electronic coupling and the dipole-dipole coupling of Férster theory. In order to ob-
serve noticeable differences between Forster-type and full coupling, I chose an intermolec-
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coupling m3 n=0.100 7 =0.000 n=0.012
full 0.0 bohr | 95 fs 116 fs 163 fs
Forster 0.0 bohr | 86 fs 104 fs 152 fs
full -0.1 bohr | 99 fs 140 fs 182 fs
Forster  -0.1 bohr | 94 fs 108 fs 154 fs
full -0.5 bohr | 109 fs 140 fs 209 fs
Forster  -0.5 bohr | 89 fs 115 fs 185 fs

Table 5.2: Investigation of the quantum-jump times 7' in analogy to Table .1 Here, the
molecules are arranged at a distance of 12 bohr. Thus, notable differences of the coupling
strength exist between the cases of full electronic coupling and Forster-type dipole-dipole
coupling. Moreover, defects in terms of bond-length variations are introduced in molecule
m3 as indicated in the second column.

ular distance regime where such differences occur. For the Nas model system, has
demonstrated that significant deviations from the dipole-dipole coupling can be observed for
distances below 20 bohr where the dipole-dipole coupling approximation overestimates the
true coupling strength. Therefore, I switched to a circular setup of 12 bohr distance between
the molecules to guarantee for a clear analysis of the influence of the coupling behavior. I
decided to keep the dissipation time constant of 5 fs of the previous calculations although
for 12 bohr intermolecular distance the coupling-matrix element of 0.105 eV is notably larger
than in the previous case (see [Publ). The results are compiled in Table [5.2]

One observes that Forster-type coupling overestimates the quantum-jump times of the
measurement process in comparison to the true electronic coupling, thus it overestimates
EET in the present setup. This finding parallels the fact that also the coupling-matrix
element is overestimated by the dipole-dipole coupling (see . This result is consistently
confirmed also in situations where defects are introduced in the circular arrangement. Finally,
I note that the quantum-jump times observed for an intermolecular distance of 12 bohr are
smaller than the numbers for 20 bohr, although in the latter case the coupling is notably
weaker. This is a result of interference effects that are more pronounced in cases of stronger
coupling. Therefore, it is difficult to compare absolute time scales unless the dissipation
time constant of the measurement process is chosen short enough to prevent a build-up of
interference due to excitation-energy spread along different available pathways.

5.4 Summary and Outlook

In summary, TDDFT in combination with the open quantum system framework is an at-
tractive tool for studying excitation-energy transfer phenomena. Here, the heuristic bath
operator that I introduced and implemented using a system of stochastic single-particle KS
equations served as a measurement process for investigating the excitation-energy spread
in a circular arrangement of molecules in the spirit of LH complexes. 1 demonstrated that
indeed the dissipative mechanism breaks the interference pattern of coherent EET that is
inherent to standard closed quantum system TDDFT and removes excitation energy from
the system. The time scale of this relaxation is determined by the intermolecular coupling
and the dissipation time constant. In this context, the strength of TDDFT is to yield a
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comparably reliable description of the electronic structure of the entire complex and its sub-
systems on the level of available xc functional approximations. This together with the open
quantum system framework provides a tool for studying the influence of electronic structure
properties and intermolecular coupling mechanisms on EET processes. The results that are
presented above demonstrate that small deviations of the electronic structure, for example
via bond-length variation, cause only minor changes of the time scale monitored by the
measurement process. Only when all EET pathways of the circular setup suffer from sizable
defects, the EET time drops notably. Similarly, variations of the coupling mechanism, as
for example via Forster-type dipole-dipole coupling, change the EET times in line with the
changes of the coupling strength.

In future work, this and related open quantum system schemes in the TD(C)DFT frame-
work should be assessed both from a theoretical and a practical perspective. On the con-
ceptual side, there are still a number of open questions concerning open quantum system
TD(C)DFT. First, a conclusive proof of the validity of the stochastic TDDFT framework
using single-particle KS equations that applies to a broad range of bath mechanisms remains
a topic for future investigations. Second, assumptions of the existing proofs on the range of
bath operators need to be examined and the validity and range of applicability of approxi-
mate schemes needs to be assessed. Third, actual simulations using stochastic TDDF'T rely
on standard xc approximations although in the open quantum system framework the xc (vec-
tor) potential may in general also depend on the choice of the bath operator in addition to
the dependencies that it already exhibits in standard TD(C)DFT. Therefore, the assessment
of the range of applicability of standard functional approximations should be complemented
by research towards functional approximations that are tailored to the open quantum system
context. On the application side, simulations of more realistic systems using the existing
and newly developed schemes should be performed to demonstrate the practical value of
the open quantum system TDDFT scheme. In particular, the presented framework may be
a powerful tool for unraveling the role of electronic structure properties and true quantum
mechanical effects in LH systems beyond the description with standard rate equations.



Appendix

53






Appendix A

Polarizability and static
charge-transfer properties

The first appendix of this thesis includes a compilation of yet unpublished results and findings
supplementing the previous work. I start in Sec. with results on model hydrogen chains
and investigate differences that occur in longitudinal polarizabilities when SIC is performed
via different methods. Such observations can be explained and understood if one analyzes
the shape of the xc potential when external fields are applied. Analysis of the contributions
to the xc potentials in approximations of the (G)OEP reveals differences in the way the KLI
and SLA approximations on the one hand, and the generalized methods GKLI and GSLA
on the other hand treat the so-called response part of the xc potential. Therefore, this trans-
parent system allows to address the question about the quality of the (G)KLI and (G)SLA
approximations compared to the full (G)OEP. In Sec. [A.2] I perform a similar polarizabil-
ity investigation with a realistic test system, the polyacetylene chains, complementing the
results of [Pub4]l The compilation of additional results and findings closes in Sec. with
an observation made in the CT model system of namely a discontinuous variation of
the total energy in GSIC where the LSDA total energy varies continuously. Throughout this
appendix, complex-valued energy minimizing transformations are used. For the notation in
the figures and tables, I use only the shortcuts of implementation methods because they are
all applied to the SIC functional. For instance, instead of “KLI-SIC” T write just “KLI”.

A.1 Polarizability and field-counteracting potentials in self-
interaction free density functional theory

For a transparent and conclusive investigation of the influence of xc potential approxima-
tions on polarizabilities and the shape of the xc¢ potential [CMVA95, vGSGT99, [GvGSBO0,
MSWY03, KKP04, [KK06, PSB0S8, RPC™08, KMKOS, [AKK0S|, [CK09, KKT1], I chose hydro-
gen chains as a model system that allows for a clear-cut analysis. Here, the hydrogen chains
are set up from H atoms with alternating H-distances of 2 bohr and 3 bohrF_-]

I provide in Table longitudinal polarizabilities of a set of hydrogen chains along the
chain’s backbone calculated from the change of the dipole moment when an external field

T used a hydrogen LDA pseudopotential with core cut-off radius r.(H) = 1.39 bohr. The grid spacing
was 0.25 bohr.
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96 PROPERTIES
IDA KLI GKLI GOEP | SLA GSLA FOBO | CC MP4
i, 38 20 34 33 20 36 34 29 29
Hy 73 62 64 62 65 68 65 51 52
Hy 116 99 99 93 103 107 100 476
Hyo 165 152 136 132 174 150 138 99 101
Hys 217 196 175 170 243 196 178 124 127

Table A.1: Polarizability in atomic units of H chains with alternating H-distance of 2 bohr
and 3 bohr. In the first part of the table, I show LDA and (G)SIC results where the methods
behind the latter are ordered according to increasing sophistication. In the second part of the
table, I compiled results from the Slater approximation and calculations based on Foster-
Boys orbitals. The final part shows reference values: CCSD(T) (CC) polarizabilities are
obtained from Ref. [CK09] and MP4 results from Ref. [PSB0S].2

is applied [KKP04, [KK06|. I compare these results to Coupled-Cluster (singles, doubles,
and perturbative triples, CCSD(T)) and Mgller-Plesset perturbation theory of fourth order
(MP4) reference values. These benchmarks are very close in the case of hydrogen chains,
thus provide a solid basis for comparison. At first sight, one clearly observes the well-known
polarizability overestimation of LDA. However, in the hydrogen chains presented here, full
OEP-SIC is known to perform well and yield polarizabilities close to the CCSD(T) bench-
mark [KKMO08|, KMKO08|, [KK11] (not shown here). This remarkable performance disappears
if one uses the KLI or SLA approximation and SLA-SIC is even worse than LDA in the
long-chain case. Part of the OEP-SIC performance however can be recovered by the GSIC
approaches [KKMO08, [KK11]. Yet, in the hydrogen chains, GOEP-SIC is not as close to
CCSD(T) results as full OEP-SIC [KK11]. The calculations show beyond the results of Ref.
[KK11] that GKLI-SIC polarizabilities are comparably close to GOEP-SIC, while GSLA-SIC
results although being notably better than bare SLA-SIC are further of. FOBO localization
gives polarizabilities close to complex energy-minimizing GKLI-SIC that are at the maxi-
mum 1.8 % larger, as far as the data presented here is concerned. Moreover, if one computes
the polarizabilities per Ho repeat unit, the deviation between GOEP-SIC, GKLI-SIC, and
FOBO-SIC remains almost the same, whereas the distance to GSLA-SIC polarizabilities
increases with increasing chain length.

So-far, it is obvious that GSIC calculations in general improve upon LDA, but GSLA-SIC
is not perfectly in line with the findings of GOEP-SIC, GKLI-SIC, and FOBO-SIC. Analysis
of the shape of the xc¢ potential and its behavior when an external field is applied gives more
insight into the performance of the different SIC approximations. Here, the findings are
exemplified with the Hg chain. To this end, I investigated the change of the xc potential when
an external field F' of field strength 0.005 Ry/bohr is applied to the ground-state vy, along
the chain’s backbone in z-direction. The GOEP, that gives results closest to the CCSD(T)
polarizabilities, shows a pronounced field-counteracting behavior (see Fig. (a)), that is
decisive for a proper description of the response [vGSG™99, [GvGSB00, KKP04, [KMKOS].
LDA however misses the field-counteracting trend completely. An interesting observation
can be made in the KLI-SIC and SLA-SIC response to the external field in Fig. (b).
Both potentials do not follow the response pattern observed in GOEP-SIC but show a rather

?Benoit Champagne kindly provided a list of hydrogen chain CCSD(T) and MP4 polarizabilities.
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Figure A.1: Each of the panels shows the change of the xc potential vye(F') — vxc(0) when
an external field with field strength F' = 0.005 Ry /bohr is applied compared to the ground
state with F' = 0 Ry/bohr. I depict LDA and GOEP-SIC in part (a), KLI-SIC and SLA-SIC
in part (b), GKLI-SIC and GOEP-SIC in part (c¢), and GKLI-SIC, GSLA-SIC, and FOBO-
SIC in part (d). The external potential is given throughout. FOBO-SIC and GKLI-SIC are
almost identical in part (d). Note that the calculations were performed spin-dependently, but
I show only one of the spin channels of the xc potential as both spin channels are identical

in Hg.
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Figure A.2: Left panel: Slater contribution to the xc potential of GS Hg without external
field in self-consistent KLI-SIC, SLA-SIC, GKLI-SIC, and GSLA-SIC calculations. The
Slater contribution is almost the same in the cases of KLI-SIC and SLA-SIC as well as in
the cases of GKLI-SIC and GSLA-SIC. Right panel: Corresponding response contributions
vEM (1) — v8LA (1) to the KLI-SIC and GKLI-SIC potential. The shape of the response
potential differs notably between the standard and the generalized KLI approximation.

distorted response structure. Here, a clear statement about the field-counteracting behavior
is difficult. I understand this finding as a consequence of the SIC functional suffering from
unitary variance problems and the KLI-SIC and SLA-SIC potentials neither being functional
derivatives nor being unitary invariant themselves (for more details, see the discussion and

references in and Sec. .

The field-counteracting behavior however is recovered in the GKLI-SIC approach. Fig.
(c) clearly shows that the GKLI-SIC potential models the GOEP-SIC behavior reason-
ably in the central region but is less favorable in the near asymptotics. Such differences
obviously cause the deviations of the polarizabilities observed in Table As far as the xc
potential response is concerned, FOBO localization is a good approximation to the energy-
minimizing GKLI-SIC and exhibits only small deviations from the GKLI-SIC behavior (see
Fig. (d)). However, the interpretation of the GSLA-SIC response is not obvious: If one
draws a line through the peaks of the GSLA-SIC response coming from the negative side,
one finds for the first three peaks a slope in accordance with the external potential followed
by a field-counteracting behavior at the end of the chain. Note that the field-counteracting
contribution of the standard KLI potential is typically attributed to the so-called response
part of vy, i.e., the difference between full KLI and its SLA contribution.

However, this assignment does not hold in the same way in the GSIC approaches as
the total GSLA-SIC response exhibits a field-counteracting behavior in parts. Therefore, 1
isolated the Slater contribution to the KLI-SIC and GKLI-SIC potentials and investigated
occurring differences as depicted in the left panel of Fig. In both cases, the self-consistent
Slater only potential resembles the Slater contribution of the self-consistent (G)KLI potential,
but misses the (G)KLI response term. Yet, one observes that the distribution between
Slater and response contribution to the (G)KLI potential notably changes if one goes from
the standard KLI to an energy-minimizing GKLI potential. This reshuffling of the Slater
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contribution also affects the response part, as can be observed in the right panel of Fig. [A.2]
The response contribution of the KLI potential, which is an approximation to the standard
OEP, is known to be important for orbital functionals in general. However, in the case of
GSIC using GKLI it does not play an as pronounced role.

I conclude that approximations of the standard OEP may exhibit a distorted response
if applied to the SIC functional. Therefore, I strongly recommend the use of generalized
approaches that explicitly take the possible unitary freedom of orbital functionals as for
instance of the SIC functional into account, particularly when it comes to approximations
of the (G)OEP. In this context, the GKLI-SIC potential is a reasonable approximation to
the GOEP-SIC in ground-state DFT and exhibits a proper field-counteracting behavior.
GSLA-SIC notably improves upon SLA-SIC, but does not show a clear field-counteracting
contribution and, therefore, yields polarizabilities further off.

Finally, note that although hydrogen chains are a transparent test system that allow
for a clear-cut analysis of the behavior of the xc potential, they are artificial systems and
of peculiar nature. Already in earlier works, it has been observed, e.g., that current DFT
taking ultranonlocal xc effects into account leads to large polarizability improvements for
real conjugated polymers, whereas in hydrogen chain models the improvements are small
[vEdBvL™02|. Hence, care needs to be taken when drawing conclusions from absolute num-
bers calculated in such test systems. The performance in realistic molecules needs to be
investigated independently. Therefore, in the following section I turn to real polyacetylene
chains to further investigate the dependence of the polarizability on functional approxima-
tions and implementation methods.

A.2 Polarizability of polyacetylene chains

The polyacetylene chains are an interesting real test system because they are almost as
transparent as hydrogen chains, easy to modify in terms of the chain length, and reveal
differences between different (G)SIC methods. demonstrates that excitation energies
of polyacetylene chains differ notably between different approximations to the TDGOEP, in
particular TDFOBO-SIC calculations yield excitation energies that are closer to the reference
values than energy-minimizing TDGKLI-SIC.

Here, 1 complement the data on excitation energies with results of polyacetylene polar-
izabilities and test if the observations made on the polarizabilities of hydrogen chains also
hold in case of polyacetylene. To this end, I give the static polarizability of a selection of
polyacetylene chains calculated with different functionals in Table The data confirms
the general finding that LDA overestimates polyacetylene polarizabilities. SIC calculations
based on standard KLI and SLA do not cure this overestimation: Standard KLI-SIC even
surpasses LDA results and SLA-SIC is similar to LDA or slightly better. Thus, if at all,
both methods are not able to improve much upon LDA at the end of the day. This find-
ing parallels the excitation-energy results. It is reflected in an erroneous reduction of the
lowest excitation energy in TDKLI-SIC. However, all GSIC schemes reduce the polarizabil-
ity overestimation, thus cure part of the problem: Except for the shortest chain, C4Hg,
GKLI-SIC gives polarizabilities close to B3LYP. GSLA-SIC is close to GKLI-SIC results
but tends to give slightly lower, thus better polarizabilities. FOBO localization gives the
lowest polarizabilities of all approximate SIC schemes addressed so far. Here, the Foster-
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60 PROPERTIES
IDA KLI GKLI GOEP | SLA GSLA FOBO | B3IYP HF MP2
CaH, % 77 63 62 T 68 67 81 5 64
CeHs 173 175 160 140 171 158 154 164 142 112
CsHyo 294 297 273 222 983 277 262 974 929 187
CioHy 457 466 426 322 445 435 406 413 332 267

Table A.2: Axial polarizability in atomic units of several polyacetylene chains calculated
with different functionals. As a reference, I give MP2 results taken from Ref. [TTdM™95|,
HF taken from Ref. [KTRH95|, and B3LYP polarizabilities that were calculated with TUR-
BOMOLE?

Boys criterion guarantees for spatial localization that is not necessarily equal to the complex
energy-minimizing transformation.

Full GOEP-SIC calculations are notably better than GKLI-SIC and FOBO-SIC polariz-
abilities: For the longer polyacetylene chains, GOEP-SIC seems to improve by about half the
distance between LDA and MP2 results. Interestingly, the GOEP-SIC polarizabilities pre-
sented here are close to, but slightly better than HF ones. Yet, there is still a noticeable gap
to the MP2 reference. Therefore, I conclude that although GSIC approaches and especially
the full GOEP-SIC improve upon LDA, the results do not coincide with polarizabilities from
wave-function perturbation theory.

The observations made on the basis of the polarizability data are in line with the trend of
the excitation energies where TDFOBO-SIC provides the highest values in best agreement to
reference calculations and the experiment. Hence, in case of polyacetylene chains the trend
of the lowest excitation energies can be related to the behavior of the static polarizability.
Therefore, for systems that are similar to polyacetylene the polarizability could possibly be
used as an indicator for the performance of excitation-energy evaluations, where TDGKLI-
SIC and TDFOBO-SIC give improved results, but the deviation from reference values is
still 0.3 eV at the maximum. Following the polarizability trend one may expect even better
excitation energies from full TDGOEP-SIC, as for GOEP-SIC a significant reduction of the
polarizability can be observed. I finally conclude that the (TD)GSIC scheme yields notable
improvement of the LDA description of polyacetylene chains, where among the approaches
available here FOBO localization gives the best numbers for excitation energies and GOEP-
SIC exhibits the overall most promising polarizability results.

A.3 Static charge transfer in a transparent model system

Finally, I complement the findings on the CT model of and Sec. by one additional
observation on the total energy of this system when static external fields are applied. If
one plots as in Fig. the total energy of the model system versus the field strength of
the external field, one observes almost straight line segments of the total energy that are
interrupted by discontinuous changes of the slope. Slight deviations from these straight lines
can be observed in the intermediate segment. Note that GOEP-SIC calculations for field
strengths up to 3.5 x 10° V/m are in almost perfect agreement with the GKLI-SIC findings.
The field strengths where the slope changes discontinuously equal the field strengths where

3The B3LYP polarizabilities were kindly provided by Andreas Karolewski.
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the electrons jump from the donor to the acceptor chain according to and the right part
of Fig. Thus, the discontinuous changes of the slope of the total energy can be attributed
to these electron jumps. At the corresponding field strengths, the density reshuffles notably
so that the field acts on very different density distributions before and after the electrons
transfer. In Fig. [A.3] this manifests in the different slopes of the total energy with respect
to the electric field strength. Details of the latter dependence remain to be investigated.

At first sight, the straight line segments of the total energy of Fig. appear reminiscent
of the straight line behavior of the total energy with fractional changes of the electron number
that Perdew et al. reported in Ref. [PPLB&2] (for an overview, see Sec.[2.4)). Yet, the picture
that emerges here is a different one as the calculations do not involve fractional charges of
the entire system and Fig. shows the total energy versus the field strength in contrast
to fractional charges that are depicted in Ref. [PPLB82|: Although some values of the
external field strength can be related to specific integer occupations of D and A in GKLI-
SIC calculations, none of the intermediate points corresponds to any fractional occupation of
the two hydrogen chains. Still, the abrupt changes of the slope at the field strengths where
electrons jump are a manifestation of the integer electron transfer behavior.

In principle, a relation between the external field strength and the (fractional) charge of
the D or of the A chain may be set up in the case of LSDA using the fractional occupations
of the single moieties in the LSDA data of the right part of Fig. f.2] Yet, this picture
does not coincide with the fractional occupation picture of the entire system of Perdew et
al. [PPLB82| despite the striking analogy, because here the single moieties are not isolated
and interactions between D and A need to be taken into account. In Fig. [A.3] the LSDA
functional exhibits a continuous concave shape of the total energy with respect to the external
field strength. This finding reflects the fractional electron transfer behavior of LSDA where
no abrupt density reshuffling occurs.






Appendix B

Multigrid Poisson solver

The solution of Poisson’s problem is one of the key features of the PARSEC code as it is
exploited to determine the Hartree potential instead of computing the Hartree potential in-
tegral directly [KMTT06]. The standard method to solve Poisson’s equation in PARSEC is
the conjugate gradient (CG) method [Saa03]. In a standard (semi)local density functional
PARSEC run, the solution of Poisson’s equation is not of central limiting character to the
overall performance of the code as it is required only once per GS self-consistency iteration
and once per time step if one assumes that one needs to perform a single potential evaluation
per time step. Yet, for orbital-dependent functionals as for example SIC, EXX, and espe-
cially energy-minimizing GSIC, the efficiency of the Poisson solver is crucial for the overall
performance. For instance, in SIC the Poisson solver needs to be called N + 1 times both
per self-consistency iteration and per time step, where N is the number of orbitals involved.

The situation is even more complicated in energy-minimizing GSIC calculations. Here,
the Poisson solver is needed at least N times in each step that needs to be taken during
the iterative unitary optimization of the unitary transformation in a GS calculation (see Ap-
pendix . Most Poisson calls, however, are performed during TDGSIC time propagation.
For instance, propagation of the 28 occupied orbitals of the DMABN molecule of Sec.
for 40 fs requires 5 x 10* time steps, where in the example per time step and orbital on aver-
age 4.2 Poisson calls are performed. In total this makes about 6 x 10° Poisson calls using the
most efficient propagation scheme and algorithms available in PARSEC at current terms.
This example clearly demonstrates that the solution of Poisson’s equation is a performance
limiting factor if one uses orbital functionals in PARSEC. For the feasibility of many calcu-
lations presented in this thesis, I addressed this performance bottleneck and implemented a
new method based on multigrid (MG) and defect correction ideas to the solution of Poisson’s
equation in the PARSEC program package.

In this appendix, I give an elementary introduction to the basic MG and defect correction
concepts and explain the implementation of the MG solver in the PARSEC code. The new
algorithm turns out to be much more efficient than the CG Poisson solver. Moreover, the
parallelization of the MG Poisson solver is adjusted to the requirements of SIC and EXX
calculations, where orbital density dependent Poisson problems can be performed in parallel.
For a more detailed introduction to the MG method, I recommend the book of Trottenberg,
Oosterlee, and Schiiller [TOS01], the book of Hackbusch [Hac85|, and the introduction of
MG methods in the Numerical Recipes [PTVE92|. Parts of the presentation in the following
are based on these books.
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B.1 Multigrid and defect correction

B.1.1 The multigrid idea

Typically, one uses the MG method for solving second-order partial differential equations.
Here, for a clear-cut presentation in the PARSEC context, I focus on Poisson’s equation in
three dimensions

V2u(r) = —4mn(r) = f(r), (B.1)

where v(r) is the Hartree potential and n(r) the density. I abbreviate the inhomogeneity on
the right hand side of Eq. (B.1)) by f(r). For a numerical solution, the Laplacian operator as
well as the functions v(r) and f(r) are discretized on a grid. The discretized equation reads

Lyvn = fn, (B.2)

where the discretized functions carry the index h corresponding to the grid spacing h and
Ly, denotes the discretized version of the Laplacian operator. If one introduces ¥y, to be an
approximate solution of Eq. (B.2]), the error to obtain vy, is

up, = vp, — Up. (B.3)
The residual between the approximate result of £;,9, and the true result of L,v, reads
rh = LpOn — fr. (B.4)
Based on these definitions, Poisson’s equation can be written in terms of 7, and uy as
Lpup = —7p. (B.5)
One naturally arrives at an iterative procedure for new potentials
B ) ) (5.6)

that can be obtained from previous potentials ﬁ,(Ln) and solutions ugn) of Eq. , where 7},
is computed at each step n of the iteration according to Eq. .

The MG method is used to solve the central Eq. of the previous iterative scheme.
Understanding the main idea of the MG method is related to two basic principles [TOS01]:
the smoothing principle and the coarse grid principle. I illustrate both principles using the
expansion

No—1Ny—1 N, —1
up(z,y,2) = E Aflm SID <

km I mm
in ([ —- i B.
Nxhx> sin (Nyhy> sin <Nzhz> (B.7)

of the error [TOS01], where N,, N,, and N, are the number of grid points in z, y, and z
direction, respectively, and wup(x,y, z) vanishes at the boundaries of the grid. The highest
frequency components (large k, I, or m) contributing to this series are given by the grid
spacing h: Only functions that vary on a length scale that is larger than the grid spacing
can be represented after discretization. The maximum extension of the grid determines the
lowest frequency components (k, [, and m are small) of the Fourier series. Classical iterative
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example: four grid levels in 1D V-cycle W-cycle F-cycle

m
m
m
m
m
m
m
m

X iterative relaxation
O (exact) solution on the coarsest grid

Figure B.1: The left panel illustrates the MG grid-level management with a one-dimensional
example and four grid levels. At each coarser grid level the grid spacing doubles in comparison
to the previous finer grid level. The grid points are depicted by full circles @. Circles with
smaller size are used only on finer grid levels. The right panels show the cycle succession
of the three most prominent MG cycling schemes, the V-, W-, and F-cycle. On the very
coarsest grid level an exact solution should be computed, whereas on the finer grid levels a
couple of iterations of the iterative relaxation method are performed.

relaxation methods, for example Jacobi or Gauss-Seidel relaxation, efficiently solve high
frequency components of Eq. . Therefore, application of these techniques amounts to
a strong smoothing of the error of any approximation (smoothing principle) [TOSO01]. Yet,
determining lower frequency components is a tedious task using classical relaxation methods.
This is where the coarse grid principle comes into play [TOS01]. For an explanation, consider
two grids: a coarse and a fine one. The highest frequency components that can be sampled
on the coarse grid are smaller than the highest frequency components that can be sampled on
the fine one. Therefore, only functions that are smooth on the fine grid can be approximated
reliably on the coarse grid. If one is sure that the functions that are involved in Poisson’s
problem are smooth on the fine grid, the problem can be transferred to the coarse grid where
finding solutions is more efficient.

The main idea of the multigrid method is to exploit those two principles for a fast
solution of Eq. : High frequency components of the error are relaxed on fine grids
and lower frequency components are solved on successively coarser grids. Moreover, this
idea can equally be applied starting on the coarse grid side and proceeding to finer grids.
Typically, one arranges the grid levels such that the grid spacing always changes by a factor
of two. This type of grid management is illustrated with a one-dimensional example in the
left part of Fig. In this scheme, only a few relaxation steps are needed per grid level.
Subsequently, the solution is transferred either to a coarser grid by a so-called restriction
operation or to a finer grid by prolongation. On this new grid level further relaxations are
performed. As the classical relaxation methods can be conducted efficiently especially on the
coarser grid levels, the solution of Eq. can be obtained with comparably low numerical
effort. For instance, the CG method is reported to need numerical operations on the order
of N3/2loge to solve the two-dimensional Poisson problem, while the iterative MG method
yields a solution after about N loge operations [TOS0I]. Here, N denotes the number of
unknowns and loge reflects the fact that the numerical accuracy and, therefore, the stop
criterion are assumed to be in the range of the discretization accuracy.

Based on the central MG idea, different cycling schemes have emerged to conduct a MG
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cycle. In the following, I introduce the most prominent ones, the so-called V-, W-, and
F-cycles [TOS01] as illustrated in the right part of Fig. B.1} All cycling schemes have in
common that on the coarsest grid level a high quality solution of Poisson’s equation needs
to be obtained. In Fig. B.I] this aspect is depicted by the symbol 0. On all other grid
levels a small number of standard relaxations are performed. The most basic cycling scheme
is the V-cycle. Here, one goes from the finest grid successively down to the coarsest grid
and straight back. In the W-cycling scheme, when going from grid level to grid level one
always performs one additional V-cycle compared to the V-cycling scheme (see Fig. .
This amounts to a higher number of coarse grid solutions in the W- than in the V-cycle.
One further alternative is the so-called F-cycle. Here, during the back transfer from coarse
to fine grids, one consecutively goes n steps up and down starting with n = 1 and increases
n after each round until the finest grid level is reached. The numerical effort related to a
full cycle differs [TOS01] for each cycling scheme, as every time a different number of steps
and operations are involved. Yet, the different methods provide means to adapt the MG
method to the special requirements of particular problems as one is able to tune the number
of relaxations before and after transferring the error between grid levels.

B.1.2 An introduction to defect correction

The numerical load involved in a classical relaxation step strongly depends on the number
of neighboring points that are used to compute the Laplacian operator on the grid. One
strategy of the PARSEC code to gain numerical efficiency is to treat the Laplacian operator
of the kinetic energy with a higher-order expansion [KMT™06| as this allows for larger grid
spacings. Therefore, also the solution of Poisson’s equation needs to be performed by a
high-order scheme. Yet, the high numerical performance of MG solvers is obtained by low
order discretization using only immediate neighbors in the Laplacian operator as well as the
fine to coarse grid restriction and the coarse to fine grid interpolation operations. A solution
to this conflict is the so-called defect correction [Ste78, [Hac81l [Sch84, [Hac85, [TOS01].
Using defect correction one does not solve Poisson’s equation

Lyvp = fi, (B.8)

with a higher-order discretization Ly, of the Laplacian operator. Instead, the central idea is
to determine the defect
dn = fn — Lpvp + Lpop (B.Q)

related to different discretizations and solve Poissons’s equation for this defect
Loy, = dp, (B.10)

with a lower order Laplacian discretization L£; by the MG method. The defect correction
idea can be combined with the MG cycling schemes. In this case one needs to perform the
following steps:

(i) start from an initial guess 6,(10), set k=1

(ii) compute one MG cycle with lower order discretization to obtain 1721)

(iii) determine the defect dk) to the higher-order discretization using the actual approximate
k) .

k) in Eq.

solution v,
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(iv) solve ﬁh@](f“) = d](lk) with one MG cycle to obtain ﬁgkﬂ)

(v) set k:=k+ 1, iterate steps (iii) to (v) until convergence of vy,

Alternatively, defect correction does not have to be performed on the finest grid level only.
Defect correction may also be included in the multigrid cycle, thus be performed on coarser
grid levels. For instance, one may perform defect correction when reaching a higher grid level
during the back transfer from the coarsest to the finest grid in the F-cycle and may conduct
additional F-cycles from this grid level before going to the next higher level [TOSO1].

B.2 Features of the PARSEC code in the multigrid context

When implementing a MG Poisson solver into the PARSEC code, there are some peculiarities
of the code that need to be considered. First, the PARSEC grid is shifted from the origin by
one half of the grid spacing so that all grid points are symmetrically arranged with respect
to the axis and planes of the coordinate system but no grid point is in the origin. This
grid arrangement is in conflict with the coarsest possible MG grid level of only three grid
points per dimension where two grid points are at the boundary and one grid point is at
the origin. In MG implementations one likes to go down in the coarse grid hierarchy to this
coarsest possible grid level as the solution there is trivially determined from the boundary
condition. Therefore, I had to change the grid arrangement so that in case of MG PARSEC
runs, the grid is no longer shifted with respect to the origin. The difference in the grid
arrangement of CG and MG based calculations should not make any difference for general
systems with arbitrary nuclei positions as long as the results are converged with respect to
the grid spacing. Yet, the grid arrangement may affect special case, e.g., single atoms at
the origin where the density is particularly high at the center of the grid. In such situations
caution should be exercised with respect to the choice of the Poisson solver and results should
be checked carefully.

Second, calculations in PARSEC are not performed on a cube or a cuboid but the grid
has a spherical or an elliptical shape [KMT7T06]. Such a shape is difficult in the context of
MGs as in case of MG one likes to hold on to the grid points at the boundary and perform
equidistant grid coarsening by factors of two. Therefore, the PARSEC MG implementation
relies on a superordinate grid of cubic or cuboidal shape that contains all grid points of
the original PARSEC grid plus some additional grid points that fill the gap between the
PARSEC and the extended grid. With this grid extension, an additional immediate conflict
emerges: On the one hand, one likes to go down in the coarse grid hierarchy to very coarse
grids, at best down to a grid with only three points per dimension. On the other hand,
if the PARSEC grid does not fit perfectly into this grid hierarchy, one may need to add a
significant number of extra grid points on the finest grid level to guarantee that all PARSEC
grid points are included in the superordinate grid. This conflict is of special significance in
case of elliptical PARSEC grids. Here, the grid extension may differ notably for different
directions of the coordinate system and, therefore, cubic superordinate grids may amount to
a tremendous number of extra points.

To cope with the underlying conflict of interest, I tried to find a reasonable tradeoff
between as small as possible cubic or cuboidal superordinate grids and grid hierarchies with
coarsest grid levels that contain a minimum of grid points. The tradeoff is guided by practical
experience with the PARSEC code. As the spherical PARSEC grid is just a special case of
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the more general elliptical shape, I explain the case of elliptical PARSEC and cuboidal
superordinate grids. In the following, small letters n indicate grid levels and capital letters
N denote numbers of grid points on a specific grid level.

The first step is to determine the maximum number n™®* of possible grid levels. To this
end, I start on the coarsest level with three grid points and build up a grid hierarchy until the
number of grid points of the highest level exceeds the number of grid points N™® along the
coordinate axis with the smallest grid extension. The number of grid points per level going
from a coarser to a finer grid can be computed by the recursion formula Nfine = 2 ycoarse _ 1
where N?™¢ = 3 at grid level n = 1. Thus, n™* is the index of the first grid level where
Nfine is greater than N™i.

In the second step, I start with the number of grid points N™#* of the largest grid
extension and go down the grid levels with the recursion formula N = int(Nfin¢/2) 4- 1
until one of the following stop criteria is fulfilled: If the number of coarse grid points N©°2rs¢
reaches one of the numbers 6, 7, 10, 11, 14, or 15, the recursion stops and the number of
grid levels [ equals the number of recursion steps plus one. Otherwise, after the maximum
of n™&* — 1 steps the number of grid levels [ is set to n™#*. The numbers of the first option
are determined by the following rationale: The number of grid points in the grid hierarchy
starting from three grid points are (3, 5, 9, 17, ...) as one can observe in Fig. on the left
and starting from seven grid points one obtains (7, 13, 25, ...). If one goes from one of the
numbers 6, 7, 10, 11, 14, or 15 down to the next odd number that is part of one of these
hierarchies, one pays the prize of a significant number of additional grid points outside the
PARSEC grid. To avoid the resulting memory requirements I stop at the listed numbers.
Having determined the number of grid levels, the grid hierarchy is built for each direction of
the coordinate system (i = x,y,z) by the following steps:

(i) iterate N£oae = int(Nfine/2) 4 1 with [ — 1 steps starting from N2
(ii) if the resulting Nf°*¢ is an even number, set NSO ;= Noarse — ]

iii) build the grid hierarchy with [ levels on top of N¢ using Nfine = gycoarse _ |
g (2 g 7 7

Finally, note that one obtains the spherical case by setting N;"** = N™% and performing
the last three steps of the above procedure.

In many cases of the just presented grid hierarchy setup, PARSEC does not reach the
coarsest grid level with three grid points only, thus the coarsest grid solution cannot be
obtained trivially. I guarantee sufficient quality of the coarse grid solution by performing
a great number of relaxation steps on the coarsest grid level. These iterations involve a
notably reduced number of grid points and are comparably cheap. The specific number of
relaxation steps is adapted to the largest number N; and based on numerical tests.

For this thesis, I performed PARSEC calculations on confined systems where all orbitals
and the density vanish outside a limited domain [BSK™03]. Yet, the Coulomb potential is
of long-range nature and, therefore, the Hartree potential typically does not vanish within
the bounds of the numerical grid. Hence, I finally comment on the setup of the boundary
condition of the Poisson problem solver. In standard PARSEC calculations, the boundary
is sufficiently far off so that the potential on the boundary is dominated by the multipole
components of the density. The boundary condition is set up by calculating the potential in
terms of the multipole expansion of the density [BSK™03, KMT™06]. For the CG solver, the
potential is computed on the spherical or elliptical boundary of the standard PARSEC grid
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IBSKT03|. In case of the MG solver, the boundary condition is set up by the same multipole
expansion evaluated on the surface of the cube or the cuboid of the MG superordinate grid.
Thus, different boundary conditions are used for the CG and the MG solver. However, if the
size of the grid is chosen carefully enough, the influence of the boundary condition vanishes
and no differences between CG and MG occur.

B.3 The multigrid implementation in PARSEC

Having introduced the ideas of MG and defect correction and having discussed PARSEC
peculiarities related to the implementation of the MG solver, I finally summarize the charac-
teristics and functionalities of the MG solver that I implemented in PARSEC and introduce
the input parameters related to the Poisson solver. These parameters are listed in Table [B.1]
Additional general remarks concerning the PARSEC input, especially its input data types,
are compiled in Sec. The Poisson solver choice can be made with the input parame-
ter poissonsolver. The PARSEC MG Poisson solver uses defect correction to adopt to the
higher-order finite difference requirement of the PARSEC code. To this end, the low order
finite difference solution of Eq. takes only next neighbors into account. The order
of the Laplacian of the higher-order discretization is determined by the input parameter
MG Laplace. The cycling scheme of the MG can be selected with MG Cycle _mode. All
restriction operations during the MG cycles are performed by full-weighting restriction and I
use standard trilinear interpolation for all prolongation operations [TOS01]|. The relaxation
method can be selected by the input parameter MG_ Relazation mode. Both implemented
methods are based on the well-known Gauss-Seidel relaxation [TOS01), Hac85, PTVEF92).
Note that some more options are coded in the final PARSEC version of this thesis, but they
are not addressable by the input.

The assessment of the convergence of the solution of Poisson’s equation is adapted from
Ref. [PTVF92]. The termination of the solver iterations is determined by a convergence
criterion

Il < e, (B.11)

where the norm of the residual is required to be smaller than some given convergence pa-
rameter €. The Numerical Recipes [PTVF92| suggest an estimate of this error in terms of
the relative truncation error

Th — ,CH(RUh) — Rﬁh(vh), (B.l?)

where R denotes a restriction operation and the capital H indicates quantities and operations
on a grid that is coarser by one level. It can be interpreted as a correction to the right hand
side of Eq. (B.2) that makes the solution of Poisson’s equation on the coarse grid

Lyvy = fu + 7, (B.13)

equal the fine grid solution as long as the solution is sufficiently smooth [PTVEF92]. An
approximate relative truncation error 7, follows from using the approximate solution v in
Eq. (B.12). It gives an estimate of the convergence parameter [PTVF92| according to

1
e = a||7l| a3 (B.14)
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parameter name type options explanation

poissonsolver int 0 (D) CG solver
1 MG solver (obtained from the Kronik group)
2 MG solver
10 CG solver with grid shift as in MG

MG _ Convergence dp 1.0 (D) scaling parameter for accuracy

MG _Relazation_mode int 1 (D) standard red-black Gauss-Seidel relaxation
2 red-black Gauss-Seidel with overrelaxation

MG Cycle_mode int 1(D) V-cycle
2 F-cycle
3 V-cycle, defect correction on all grid levels
4 F-cycle, defect correction on all grid levels
5 two F-cycles, then V-cycles

MG _ Laplace int  1-4 (D) Laplacian order in defect correction

Table B.1: PARSEC input parameters and input values related to the Poisson solver. Each
parameter is described in brief in the last column. The shortcut “int” denotes integer and the
shortcut “dp” double precision data types. Default values are labeled by (D). All parameters
with names that begin with “MG” are available only in case of poissonsolver “2” which is the
MG solver introduced in this appendix.

I employ this estimate in PARSEC together with two definitions of the norm: (i) the square
root of the integral over the square of 7, and (ii) the maximum value of |7,|. This proceeding
yields two different convergence parameters. To be on the save side, I scale both parameters
by a factor of one half. Moreover, an additional scaling factor of this estimate can be applied
by the input parameter MG Convergence that is multiplied to the estimate of €. These
convergence parameters are calculated on the fly based on the finest grid and the first grid
coarser than the finest grid during the first call of the MG Poisson solver. In all further
calls, convergence of the approximate solution vy, is tested every time the finest grid level is
reached.

Last but not least, the MG Poisson solver is embedded into the parallel PARSEC en-
vironment. Therefore, let me finally comment on parallelization of MG methods in general
and the PARSEC implementation in particular. Different methods and ideas for a MG par-
allelization are available in the literature [Bra81, MT96, Jun97, HJ97, Mit97, [FJ00, ST03,
DHL03, HKMRO05, IKSRS08]. Such parallelization strategies address the parallelization over
the grid of a single Poisson solver call and involve grid partitioning and domain decomposi-
tioning techniques. In these cases communication operations need to be performed during
relaxation and interpolation on all grid levels of the coarse grid hierarchy when grid points
that are treated by different processors are involved. Moreover, one has to find an appropri-
ate distribution of grid points over processors in the parallel environment for all grid levels.
This is an especially difficult task on the coarse grid levels where the number of grid points
may be on the order of the processors that are involved. Therefore, to obtain a reasonable
parallel speed-up, one needs to carefully design the management of grid levels and parallel
distribution of numerical load.

Yet, with respect to the special requirements of PARSEC where solutions of Poisson’s
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equation need to be performed for the orbital densities of all N occupied orbitals, a differ-
ent parallelization strategy with parallelization over the orbitals lends itself to be used. I
parallelized the N Poisson solver calls in PARSEC such that the Hartree potential of one
orbital density is computed only by one processor. The advantage is that such a single Pois-
son solver call does not require any parallel communication, thus the sequential MG solver
can be used. However, as the parallelization in all other PARSEC routines is implemented
via grid partitioning, the new strategy requires an initial redistribution of orbital densities
and a final redistribution of the corresponding orbital-specific Hartree potentials from grid
partitioning to orbital parallelization and back. This redistribution is conducted by col-
lective message passing interface (MPI) routines. It is designed such that if possible each
processor performs the same number of Poisson calls. Yet, if an equal distribution of the
numerical load is not possible, some processors are idle while the other processors work on
their orbital-specific Poisson problems. Thus, in this parallelization strategy the number of
processors should be adapted to the number of occupied orbitals: Dividing N by the number
of processors should yield a number that equals or is slightly smaller than an integer. To
use the sequential Poisson solver for computing the Hartree potential of the total density in
a parallel environment, the following steps are performed:

(i) the density is distributed to all processors

(ii) each processor performs the same MG solver call with the total density as input and
the Hartree potential on the entire grid as output

(iii) each processor takes the appropriate part of the Hartree potential according to the grid
partitioning from its own entire-grid solution to save communication overhead

B.4 Assessment of the multigrid solver

Having implemented the MG solver as described before, I finally assessed the performance
of the solver in terms of accuracy of the solution and of computation time. For a reasonable
comparison to the CG method it was crucial to use a PARSEC grid that is identical in both
Poisson solver cases. Therefore, I introduced a new Poisson solver method “poissonsolver =
10” that is a CG solver with the PARSEC grid shifted as in the MG case (CG shifted).
Using this new solver setup, I first compared the sequential solver version in terms of
accuracy of the eigenvalues, Hartree energy, and dipole moment as well as the computation
time for a test set of molecules representative for the systems investigated in the Kiimmel
group: Eigenvalue deviations were typically smaller than 1 x 1072 %, Hartree energy devia-
tions smaller than 5 x 10™* %, and dipole moment deviations smaller than 1 x 10~° atomic
units. These deviations, if notable at all, are smaller than the accuracy that may be expected
from density functionals, thus confirm the accuracy of the MG implementation. Yet, a de-
tailed presentation of the test set goes beyond the scope of this appendix. Therefore, I just
outline a single example that gives a flavor of the performance of the MG implementation.
I chose the small silicon cluster Siy as a transparent test system (see Table for details
of the system and the PARSEC setup). It is an ideal test case for parallelization as all eight
occupied orbitals of Siy can be distributed over the CPUs of an octo-core processor. The
results of a KLI-SIC ground-state run are listed in Table B.3] First, one observes that CG
shifted and MG give almost identical total energies and eigenvalues. Yet, deviations on the
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test system PARSEC input MG grid setup
Siyg Boundary Sphere_ Radius: 18.0d0 | number of grid
Grid_ Spacing: 0.4d0 points per
coordinates of the nuclei [bohr|: | Ezpansion_ Order: 10 dimension:
0.000001, 2.246272, 0.000000 | States Num: 10 - sphere size: 93
3.739822, 0.000372, -0.000069 | Spin_ Polarization: .false. - fine grid: 97
0.000001, -2.244924, 0.000001 | Convergence_ Criterion: 1.0d-05 - coarse grid: 7
-3.739817, 0.000373, 0.000052 | Diag Tolerance: 1.0d-07
Eigensolver: diagla number of grid
occupied KS orbitals: 8 Mizing  Method: Anderson levels: 5
Mizing  Param: 0.3d0
grid points (CG setup): 382,336 | Memory Param: 3
grid points (MG setup): 38,915

Table B.2: Siy test system for assessing the performance of the MG solver. I assembled
important parameters of Siy and the grid setup in the left column, relevant PARSEC input
parameters in the central column, and an overview over the number of grid points and
different grid levels of the MG in the right column.

order of 1 x 1072 % occur if one compares CG calculations with grid shifts relative to each
other. Such deviations are solely related to the numerical representation on the grid and can
be reduced by decreasing the grid spacing. I performed similar tests on a coarser PARSEC
grid with a spacing of 0.6 bohr instead of 0.4 bohr and found notably larger deviations of
that kind. However, deviations between CG shifted and MG were by almost three orders of
magnitude smaller. Second, one finds in sequential runs that Hartree computation times are
by about a factor of five and KLI computation times are by about a factor of six faster in MG
than in CG cases. This is a clear indicator for the remarkable speed-up of the MG solver.
Although in the parallel case the speed-up for single Hartree calls is only about a factor of
1.5, KLI xc potential evaluations are almost a factor of ten faster when using the MG than
using the CG. This manifest also in a notable improvement of the total computation time.
I assessed also the performance of GSIC calculations with energy minimization using the

sequential parallel
Eiot [Ry] HOMO [Ry] | T [s] Twr[s] Thot [s| | Th [s]  Txwr [s] Tio [s]
CG™ | -30.66069 -0.53198 7.91 47.88 2,275.35 | 2.14 13.19 503.15
CG -30.66176 -0.53236 7.71 47.66 2,061.81 | 2.44 14.82 518.44
MG -30.66068 -0.53198 1.51 7.61 1,745.35 | 1.47 1.32 374.64

Table B.3: Performance assessment of the sequential and parallel MG solver in a standard
SIC KS self-consistent ground-state calculation using Sig as a test system (see Table .
The parallel environment uses eight CPUs on the same core. All PARSEC runs listed
here required 11 iterations. Moreover, I compiled the average CPU times needed for the
Hartree solver (Ty), the KLI potential procedure (Tkrr), and the total CPU time for the
self-consistency iteration (Tiot). The solution obtained with the CG solver where the grid is
shifted as in the MG case (CG") serves as a reference.
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gradient line-search optimization algorithm (see Sec. . While eigenvalues and total
energies are in reasonable agreement, the MG solver gains notable speed-up of the total
self-consistency procedure. In the sequential PARSEC test, the MG procedure requires 21
self-consistency iterations and 212 optimization loops instead of 17 and 198 using the CG
solver, but obtains convergence by about a factor of four faster (TMS = 5,743.6 s instead of

thotG shifted _ 94 18(0.8 s). In the parallel case, speed-up is even better as with a total time
of 1,126.5 s the MG version is by about a factor of 5.6 faster than the CG run (TS5 shifted
= 6,259.8 s).

Finally, I stress that although already in GS calculations the gain of computation time
is remarkable, even better performance enhancement in terms of total computation time
may be expected during time propagation. Therefore, I propagated Siy for 1.0 fs with an
electronic time step of 0.001 fs using the “Taylor” propagation algorithm [CMR04, MKHMO06,
Mun07, Mun09] and compared the total CPU times needed by the different methods. The
sequential propagation based on the MG solver required 22,860 s CPU time in comparison
to 117,0442 s based on the CG shifted solver. Thus, in this case the MG version of the
sequential code is by a factor of 5.1 faster than the CG version. Even better performance
enhancement can be observed in the parallel version: The propagation takes 40,098 s using
the CG shifted solver, whereas the MG version requires only 7,300 s for the first fs. This
amounts to a speed-up with a factor of 5.5 of the entire propagation part of the PARSEC
code due to the MG Poisson solver implementation.






Appendix C

Algorithms for the unitary
optimization

The determination of the unitary transformation is the most time critical step in GSIC
calculations. The unitary optimization in PARSEC is based on iterative algorithms where
the time need manifests in two ways: first, the number of steps that are needed to obtain
convergence of the iteration and, second, the numerical load per iteration step. In case of
energy-minimizing unitary transformations, orbital-specific Hartree and xc potentials need
to be computed per orbital in each step of the iteration. Therefore, a reasonable perfor-
mance of the algorithm requires an efficient solution of Poisson’s problem that is behind the
computation of Hartree potentials. This aspect is discussed in Appendix [Bl Furthermore,
optimization can be obtained by reducing the number of iteration steps required to achieve
convergence. To this end, I implemented different algorithms in PARSEC that accomplish
unitary optimization along different ideas. Moreover, to conduct unitary optimization with
complex-valued optimized orbitals, algorithms that were available for real-valued orbitals
needed to be customized for the complex case. In the following discussion, I focus on the
more general complex-valued case. Based on the resulting equations, one obtains the algo-
rithms for real-valued orbital optimization by neglecting all the complex conjugation signs.

C.1 Algorithmic principles

C.1.1 Fois loops based on the Pederson criterion

The first algorithm discussed in this section is based on an idea of Fois, Penman, and Madden
[FPM93]. It uses the Pederson criterion (3.12) and starts from an initial set of optimized

orbitals {gbgg)}. In each step (k) of the iterative procedure a new unitary transformation

pkD _
zga Zsmo nja (Cl)

and thus a new set of optimized orbitals
k-l—l) (k)
ZSW B ( (C.2)
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(k

can be obtained by unitary rotations with the matrix Sy
to perform only small changes. Thus, it varies only slightly from the unit matrix according
to

). This transformation is assumed

SZ% = (SZ] + Tijo, (CS)
where 7;j, are complex numbers |7;;,| < 1 and 7jj = — ]* As in this approximation the

transformation 577 is not strictly unitary, Thomas Kérzdorfer [K6r09] suggested to explicitly
take care of the loss of unitarity by means of Léwdin’s method of symmetric orthogonalization
IL6w50, May02]: Using the Lowdin matrix

Cijo = (sl hen 2 (C.4)
computed from the nonorthogonal orbitals
o no ~(k
= Z St (C.5)
one obtains a new orthogonal orbital set

Bio = Z Clima S5, 3\ (C.6)

Inserting this new orbital set into Pederson’s symmetry condition yields

no no (k)| ~SIC _ ~SIC| ~(k)y _
Z ]ma mko Z Cino nlo (pkg ‘7) — Vi ‘ Plo > =0, (C7)
km=1 l,n=1 o
=:(klj—ill)

where T introduced a shortcut for the bracket notation. The Lowdin matrix (C.4) can be
approximated |[GU97, [K6r09] by

1 ~no
Cijf’ ~ 5ij 2 (<¢za‘¢]a> - 51] 5” +5 (Z sza m]a) (CS)

and expressed in terms of 7;;, via Eqgs. (C.5)) and (C.3]). Thus one readily computes

Z CmU nlU - 55 + Tilo + Z zpo pja Z zpcr pqchqu ‘ (Cg)

p,j=1

=Wilo

Following the derivation of Fois et al. [FPM93] and Kérzdorfer [K6r09) this result needs to
be introduced into Eq. (C.7)) and one obtains the final expression after a little algebra

N,
Lo o I G
Tijo :§<J|J —ili) + B) Z [wite (G173 = ill) + 0jTito]
=1
1 No 1 No
+ 52 [ ]k’a<k|j | > - 6@14: ka 5 Z w;‘(kawila<k|j - 7’|l>

k=1 k=1

(C.10)
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A final orthogonalization of the transformation of Eq. (C.3)) using 7;;» of Eq. (C.10) yields

the unitary transformation Sfjk 3 Thus, one obtains the new orbital set and transformation

for the iteration procedure from Egs. and . The algorithmic implementation of
this method is identical to the one described by Koérzdorfer [K6r09]. Here, convergence is
determined by the Pederson criterion. It is reached when the absolute value of the largest
matrix element of the matrix of Eq. is smaller than a given threshold which is typ-
ically less than 107° Ry. Numerical tests of this method revealed that a notable number
of iterations is required to obtain convergence of the Pederson criterion below a reasonable
threshold. Yet, an optimization of this method in terms of larger steps is difficult. There-
fore, I conclude that designing optimization algorithms based on the Pederson criterion of
Eq. is legitimate, but algorithms that base directly on the energy expression may be
more efficient. I discuss such kind of algorithms in the following sections.

C.1.2 Energy gradient based algorithm

The second algorithm presented in this appendix uses an energy gradient suggested by Mes-
sud et al. [MDRS09a)]. It is based on the fact that the SIC energy varies with respect to
unitary transformations of the occupied KS orbitals

No
io (t) = Y Uijotjo (r). (C.11)
j=1

For computing the gradient of Messud et al. [MDRS09a], one needs to take the Lagragian
multiplier matrix into account that appears when minimizing the SIC energy with respect
to the orbitals and guarantees orthogonality of the latter. This matrix does not appear in
KS DFT. Therefore, the analogue KS energy gradient of the total energy ESIC in the GSIC
formalism reads

Dijo = duz, Egye = —(0jo|Ti |&ia)- (C.12)

It determines the direction in which the unitary transformation U;j, needs to be changed
to find the total energy minimum starting from a fixed set of occupied KS orbitals. The
gradient scaled by the gradient step size n can be used to find a new transformation
(k) (k

Uijo = Ugjo — nDijg (C.13)
at each step (k) of a resulting iterative procedure starting from a previous transformation
and optimized orbital set. As this transformation is nonorthogonal, the new transformation
U(k:-i-l)

ijo  of the next iteration needs to be determined by orthogonalization of Uj?. In PAR-
SEC, this a posteriori orthogonalization can be performed either by Gram-Schmidt or by
symmetric Lowdin orthogonalization.

In gradient algorithms, the gradient step size is a natural starting point for performance
enhancement. However, as application of the gradient is always followed by an orthogonal-
ization to guarantee for unitarity of the transformation, the original search direction given
by the gradient gets lost to some extend. Moreover, the gradient step size not only scales the
application of the gradient, it also has a significant influence on the outcome of the a poste-
riori orthogonalization. This renders the optimization of the step size difficult. Therefore, in
the PARSEC implementation of the energy-gradient algorithm, I introduced an adaptation
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of the gradient step size depending on how the gradient performs during previous steps of
the iteration: During the iteration, I monitor if application of the gradient improves the
convergence criterion towards the preset convergence threshold or not. If the convergence
parameter improves during three succeeding cycles, the gradient step size is multiplied by a
factor of two until it reaches a preset maximum value. In this scheme, the initial gradient
step size is 100 and the maximum value can be determined by the PARSEC input. On the
contrary, in each cycle where the convergence parameter deteriorates, the gradient step size
is divided by a factor of two and the code checks if application of the old gradient scaled by
the new gradient step size improves or not. This down scaling of the gradient step size is
performed either until the convergence parameter improves again or until a minimum of the
step size of 1 x 1074 is reached. If application of the gradient is no longer able to improve
the convergence parameter, the algorithm stops with a warning. Otherwise, the iteration
is performed until convergence. For a successful application of this algorithm it is impor-
tant that changes of the unitary transformation due to application of the energy gradient
are not deteriorated by the a posteriori orthogonalization. Therefore, the orthogonalization
procedure needs to maintain the direction of the unitary rotation of U2 as close as possible.
To this end, I recommend to use Léwdin’s orthogonalization method that yields a unitary

)

transformation UékH as close as possible to UJ°.

In case of energy-gradient algorithms, at least two convergence parameters lend them-
selves to be used: (i) minimization of the total energy and (ii) reduction of the Pederson
criterion below a given threshold. As the minimum of the energy is not known, this criterion
needs to be exploited as a self-consistency criterion. Thus, energy convergence is reached
if the energy changes of two consecutive iteration steps are lower than the corresponding
convergence parameter. Typical energy convergence parameters are on the order of 1078
Ry. In the PARSEC implementation, both convergence parameters can be combined or
used separately (see Table . Moreover, the treatment of the convergence parameter in
ground-state calculations and during time propagation can be chosen independently.

Numerical tests of this algorithm showed that it notably improves in terms of computation
time until convergence is reached in comparison to the algorithm of Sec. [C.I1.1] Yet, due to
the a posteriori orthogonalization large gradient steps are precluded. Therefore, in the next
section I explain another idea that allows for large energy-gradient steps due to step-size
optimization.

C.1.3 Energy gradient and line-search optimization

The central idea of the third algorithm for unitary optimization of the SIC energy imple-
mented in PARSEC is to optimize the application of the energy gradient so that no explicit
a posteriori orthogonalization is needed and consequently step size optimization can be
performed efficiently. It is based on a conjugate gradient (CG) method where the unitary
constraint of the energy-minimizing transformation is taken into account explicitly [AEK09].
Here, for the sake of completeness, I give a short introduction and summary of this algorithm
following the presentation of where it is explained in more detail.

In contrast to the gradient of Sec. the energy gradient of this section is based on
a different idea. Here, in each step (k) of the iterative procedure one tries to find a unitary
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(k)

transformation S, that determines a new orbital set {@Eﬁﬂ)} according to

N,
k+1 k) ~(k
Bl ) =D S () (C.14)
7=1
with lower SIC energy starting from a previous optimized orbital set {gbl(?} Thus, S((,k) also

k)

needs to modify the previous unitary transformation U(S- according to

k+1
1]0 ) Z Sma leO' (015)
so that Uékﬂ) yields the new optimized orbitals from the occupied KS orbitals

k:+1 Z kagﬂ io(r (C.16)

In this case, one is interested in SIC energy changes due to small variations of the transfor-
mation S, from the unit matrix starting from a fixed orbital set {95512)} [PFD™11]: Linear
order changes of the SIC energy due to deviations of S, from the unit matrix are given by
the anti-Hermitian gradient matrix

o) _ OESCH{E0a}, Smno]
R 65;}0
Sk =6

ijo

= (105" ) 75 Ylel). ()

jU‘ io

The SIC potentials @S;C ) (r) are computed from the energy-minimizing orbitals @5? (r).
The gradient of Eq. (C.17)) coincides with the Pederson condition.

The idea of Ref. [AEK09| is to perform the gradient step in a reduced space where the
unitarity constraint is guaranteed by choice of the parameter space [EAS98]. Thus, the
optimization problem can be turned into an unconstrained one by suitable restriction of the
parameter space to the Lie group of n X n unitary matrices U(n) [AEK09]. Due to the
anti-Hermiticity of the gradient matrix, the exponential map

SP(IP) = exp{ 1N GP} (C.18)

k)

with step size l,(, constitutes a unitarity-conserving transformation when it is applied to

the unitary transformation Uék) as in Eq. . G,(,k) corresponds to the steepest descent
search direction, but due to the exponential map unitarity of S((,k) is guaranteed. Thus, the
problem of a posteriori orthogonalization is avoided.

The numerical performance of this unitarity-conserving application of the energy gradient
can be increased by means of CGs and optimization of the gradient step size. The idea of the
CG is to use not only the information of the search direction given by the energy gradient,
but to also take information of the previous search direction into account. Thus, the new
search direction H((,k) is based on the current gradient G((, ) and the search direction H; (k=1)
of the last step of the iteration. In the PARSEC CG implementation, I use the new search
direction

HY = Gy W gt (C.19)

ijo ijo ijo
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Figure C.1: Dependence of the SIC energy
correction (E3IC[n] — E4PP[n] according to Eq.
(3.3))) on the step size during the initial stage
of the energy-minimizing unitary optimiza-

SIC energy correction [Ry]

0 10 20 30 40 50 tion in Siy using the energy gradient with
step size [a.u.] step-size optimization algorithm of Sec.

where ’y((,k) is the Polak-Ribiére weighting factor [AEKQ9]

k) _ (68 - GF Y, 6P

KT e ) (20
The brackets are defined by
1
(X,Y) = 5Re{Tr(XY*)}, X, Y eCcnxm, (C.21)

Finally, adaptation of the gradient step size l((,k) gives further performance enhancement.

As illustrated in Fig. [C.1.3] the improvement of the SIC energy correction that can be
obtained per iteration strongly depends on the value of the step size of Eq. : One
observes an almost parabolic behavior of the energy correction for small step sizes and a
large deviation from the optimum value of the correction for larger step sizes. Thus, the
optimum step size can be estimated by a line search where the dependence of the SIC energy
on l((yk) via the transformation is approximated to be a second order polynomial.
Details of this line search, an overview of the algorithm, and more insight into its practical
implementation are presented in [Pub3]

The gradient line-search algorithm outperforms the two previous optimization algorithms
in terms of numerical efficiency although per iteration step it requires twice the number of
Poisson solver calls because of the step-size optimization. Yet, the number of iterations until
convergence is reached is notably smaller. Therefore, using this algorithm GSIC calculations
where unitary optimizations of molecules with up to one hundred electrons are performed
and even TDGSIC propagation of such molecules are feasible.

C.2 The unitary optimization algorithms in PARSEC

C.2.1 Initialization of the optimization steps

Practical experience with the PARSEC code has shown that a high quality of the initial guess
of the unitary transformation guarantees a fast solution of the unitary optimization prob-
lem per self-consistency iteration cycle. I pursue two strategies in PARSEC to find initial
guesses: The first strategy is to determine the initial guess from algorithms and/or unitary
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parameter name type  options explanation
SIC zc_ type string ca/pz/lda (D) SIC of LDA, PZ parametrization
pb/pbe SIC of PBE
pw/pw9l SIC of Perdew-Wang GGA functional
Localization bool  false (D) switch localization on/off
Localization  Type string fobo (D) Foster-Boys localization
pede FEnin, Fois et al. algorithm
grad Enin, gradient algorithm,
initial guess: Foster-Boys localization
goly Frin, gradient algorithm,
initial guess: previous transformation
grls Fnin, gradient line-search algorithm,
initial guess: Foster-Boys localization
glso Fin, gradient line-search algorithm,
initial guess: previous transformation
inve ground state: as “grad”,
during propagation: {@js(r,0)} fixed
and Ujj,(t) computed from {p;s(r, )}
triv ground state: as “grls”,
propagation: fixed phase factors
trgo ground state: as “glso”,
propagation: fixed phase factors
FosterBoys_ type int 1 (D) Jacobi sweeps algorithm [ERG3)|
propagation: fixed phase factors
2 Fois et al. algorithm
initial guess: previous transformation
3 gradient algorithm
initial guess: previous transformation
4 gradient line-search algorithm
initial guess: previous transformation
5 gradient line-search algorithm,
initial guess: previous transformation
propagation: fixed phase factors
Complex_ Localization bool  false (D) switch complex optimization on/off
Use last_trafo bool false (D) switch use of transformation of last
step during propagation on/off
Prop _use_ KLI mem bool  false (D) switch use of memory term in

TDGKLI propagation on/off

Table C.1: PARSEC input parameters related to GSIC calculations together with their data
types, possible input options, and a short explanation. The shortcut “int” denotes integer

and “bool” boolean data types. Moreover, Eni, abbreviates energy minimization. Default
values are labeled by (D). The optimization algorithm of Fois et al. (Sec.|C.1.1)), the gradient
algorithm (Sec. [C.1.2), and the gradient line-search algorithm (Sec. [C.1.3) are explained in

the text.
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optimization criteria that require lower numerical effort to perform the unitary optimization.
To this end, the Foster-Boys criterion implemented with the Jacobi sweeps algorithm [ER63]
lends itself to be used prior to more elaborate optimization algorithms like the ones pre-
sented before. Such Foster-Boys localizations start from the unit matrix. Here, I use a less
restrictive convergence threshold for the Foster-Boys optimization and employ the resulting
transformation as the starting point for subsequent optimizations. This strategy is always
applied in the early stage of self-consistency iterations where changes of the integral over
the charge weighted potential that is used as self-consistency residual error (SRE) has not
dropped below 0.1. In spin-polarized calculations it needs to be lower than 0.1 in both spin
channels.

The second strategy involves the optimized transformation of the last self-consistency it-
eration cycle. As the orbitals may change notably during the first steps of the self-consistency
iteration, this strategy can only be applied after a couple of iterations when the SRE has
dropped below 0.1. In this case, PARSEC compares all orbitals of the current cycle to the
corresponding orbitals of the previous cycle. If the orbital overlap is larger then a given
threshold, the previous transformation is used as initial guess for all orbitals. Currently this
threshold is set to be 0.85. Note that during the diagonalization of the Hamiltonian the
orbitals may change parity and in cases of close degeneracy the orbitals may change their
order. Therefore, in cases where the orbitals do not match according to the comparison cri-
terion, I check for sign changes and orbital swaps of orbitals with adjacent numbers. When
such operations make the current orbitals match the orbitals of the previous cycle, the trans-
formation needs to be adapted by changing signs, columns, and rows, respectively. Then,
the modified transformation can be used as initial guess. In all other cases where no orbital
matching can be obtained, the first strategy is applied and the initial guess is determined
from the Foster-Boys criterion.

The only exceptions to these two strategies are the Localization  Types “goly” and “glso”
(see Tab. where always the transformation of the last self-consistency iteration cycle
is used except for the first iteration. In the first iteration, PARSEC initializes the energy-
minimizing transformation always by Foster-Boys localization.

C.2.2 The PARSEC implementation

An overview of the PARSEC input parameters relevant for SIC and GSIC calculations is
compiled in Tables[C.1]and[C.2) (see Sec. [E.I|for more general information about the PARSEC
input). These tables indicate possible input parameters and input values and highlight
default settings. The xc¢ functional upon which the SIC is performed is determined by
SIC zc_type. The unitary optimization of GSIC calculations is switched on and off by
the flag Localization. All further parameters discussed in the following apply only in case
of GSIC. The parameter Localization Type allows for the choice of unitary optimization
algorithms and criteria. In case of Foster-Boys localization the algorithm needs to be specified
by FosterBoys Type. The flag Complex Localization controls the use of complex-valued
minimizing orbitals and corresponding transformations. Two further parameters are needed
only for GSIC propagation. Use_last trafo determines if the transformation of the last
step during the propagation shell be used as initial transformation guess of the current time
step. In all other cases the transformation is initialized or determined by phase factors
according to the orbital eigenvalues (see [Pub2|and [Pub4)). Finally with the input parameter
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parameter name type options explanation
FosterBoys_ Convergence dp ¢ (D) Foster-Boys convergence criterion
Pederson_ Convergence dp s (D) Pederson convergence criterion
Gradient_ Convergence dp s (D) energy convergence criterion
Adaptive_loc_ tolerance bool  false (D)  switch use of localization tolerance
adaptation on/off

Orthogonalization mt 0 Gram-Schmidt orthogonalization

1 (D) Léwdin orthogonalization
Grad_step_maz dp 500.0 (D) maximum gradient step size in case of

gradient algorithm
0.01 (D) trial step size in case of gradient line
search algorithm

Gradient control_criterion int 1 check only Pederson criterion
check only energy criterion
3 (D) either Pederson or energy criterion
has to be fulfilled
4 ground state: as in “3”,
propagation: only energy criterion
5 ground state: as in “3”,

propagation: only Pederson criterion

Table C.2: PARSEC input parameters of the unitary optimization algorithms together
with their data types, possible input options or default values, and a short explanation.
The shortcut “int” denotes integer, “dp” double precision, and “bool’” boolean data types.
Moreover, c is the self-consistency convergence criterion and s the diagonalization-solver
tolerance. Default values are labeled by (D).

Prop use_ KLI mem the usage of the memory term of the TDGKLI approximation can be
switched on or off.

A second set of parameters (see Table is needed to control the unitary optimiza-
tion algorithms. The convergence criteria can be set by three different input parameters:
FosterBoys  Convergence, Pederson_ Convergence, and Gradient Convergence. These input
parameters are relevant for different settings of Localization Type and FosterBoys  Type.

e The Foster-Boys criterion measures changes of the FOBO localization criterion per
Jacobi sweep. Convergence is reached as soon as such changes are below the Fos-
terBoys Convergence threshold. Typical numbers of this parameter are on the order
of 1 x 10720, This parameter is used in case of “FosterBoys Type — 17 and if the
transformation is initialized by Foster-Boys localization.

e The Pederson_ Convergence parameter specifies the threshold of the Pederson energy-
minimization criterion. In this case, convergence is reached as soon as the abso-
lute values of all elements of the Pederson criterion matrix drop below the Peder-
son_ Convergence threshold, typically on the order of 1 x 107> Ry. This parameter is
used for all optimization algorithms except the ones indicated here explicitly.

e Using the parameter Gradient Convergence, changes of the SIC energy during the
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minimization algorithms “ Localization Type = grad” and “Localization_ Type = goly”
are monitored and convergence is indicated as soon as these changes are lower than
the input, typically on the order of 1 x 1078 Ry. In those two cases, the use and
combination of the Pederson_ Convergence and the Gradient Convergence parameters
can be determined by the input parameter Gradient control_ criterion (see Tab. .

The thresholds of the convergence parameters of the optimization algorithms can be
adapted to the progress of the KS self-consistency iteration. Using this scheme, the conver-
gence parameters are adapted according to the value of the SRE: The convergence thresholds
are set to higher values when the SRE is notably larger than it is supposed to be at self-
consistency. Only when the SRE is close to the self-consistency threshold, the preset values
are used for the convergence parameters of the optimization algorithms. The adaptation
scheme can be (de)activated by the flag Adaptive loc_tolerance. (A similar convergence-
parameter adaptation idea is presented in Sec. ) The parameter Grad step maz is
needed for the gradient step size optimization in both gradient algorithms. In case of the
energy gradient of Sec. the parameter sets the maximum size of the gradient step.
Yet, in case of the gradient line-search algorithm of Sec. this parameter can be used
to determine the size of the trial step. Here, I recommend to use the default values. Finally,
using the parameter Orthogonalization one can choose between different types of orthog-
onalization algorithms during the unitary optimization, namely Gram-Schmidt or Léwdin
orthogonalization.



Appendix D

Forster-type potentials and stochastic
time-dependent density functional
theory

This appendix is dedicated to the description of the PARSEC implementations that I per-
formed related to the work on and subsequent investigations that are presented in
Chap. 5] First, I summarize in Sec. [D.1I]the Forster-type potential expansion ideas and their
realization in PARSEC. These implementations were already performed during the work on
Ref. [Hof08]. Second, I explain the determination of the coupling-matrix element from real-
time propagation based on an off-resonant two-level model in Sec. Third, the appendix
includes a description of the PARSEC extension of the standard closed quantum system KS
propagation scheme to open quantum systems based on the stochastic Schrédinger equation.
Some ideas about using the latter in the KS TDDFT framework, suggestions of bath oper-
ators for the single-particle approach, and more details about the PARSEC implementation
are described in Sec. [D.3l

D.1 Forster-type potentials and grid partitioning

D.1.1 The Forster-type potential expansion in Donor-Acceptor systems

To investigate the coupling mechanism and check for Forster-type coupling behavior, 1 sug-
gested in a dipole coupling scheme that can be applied in the TDDFT context. In
the following, I outline some of the theoretical background of this concept that is needed to
explain the PARSEC implementation. For including a dipole-dipole coupling approximation
in the KS framework, there are two valid starting points: the Hartree energy and the Hartree
potential. Both routes involve a multipole expansion of the 1/|r — r’| factor in the Hartree
integral. Starting from the Hartree energy, one first performs the multipole expansion and
then draws the functional derivative to obtain the corresponding potential (see and
Ref. [Hof0§]| for details). Along this route, one obtains the potential in dipole-dipole coupling
approximation (superscript dd and superscript index E)

Ve [RP nA] = (v [nP] + 05 P [nA) O (—2)+ (vn[n?] + v A P]) O (2). (D.1)
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The Heaviside function splits the entire real space into a D (©(—x)) and an A (O (x)) part (see
Fig. 1 of [Publ)). Hence, the superscripts D and A indicate properties that are computed only
on the D or A side, respectively. Based on this notation, vy [nD(A)} is the Hartree potential

of D(A) and vddE D(A)[ AD)] is the potential resulting from the interaction between D and
A in the D(A) half space. With the help of the multipole moments of the D(A) density,

Nt — /nz(rz) d37“i,
di = / rind(x') 3, (D.2)
b= [ B 2

where i = D, A, the Forster potential that the D density generates in the half space of A is

NP (NP2 —dP).R 1A .dP NP > az. R;R
oA P () = — + Briry — A g Lk
o R| IR[? IR[? 2 j;I g TURP

23: QnRiRr 3R -r™)(R-dP)
A 2ARP IR[? '
(D.3)

The corresponding potential vﬁdE’D[nA](rD) is obtained from equation by interchanging
D and A superscripts and replacing R by —R.

Alternatively, the multipole expansion can be inserted directly into the Hartree potential
and one obtains the potential

V8 [P, nA] = (o [nP] + o5 P ) O(=2) + (vu[n?] + v A nP]) O (z) (D.4)

with the superscript index v that denotes the potential route, where

D d®. (rA LR 3 R;R
oM aP] = PRy R (05)
lrA + R| IrA + RJ|? = 2[rA + R[P
and
Uddv’D[nA] _ NA n dA . (I'D — R) i Q?kRJRk (D 6)
H IrP — R} P —R? e 2irP — R[>’ '

[PubI]demonstrates that these two approaches result in potentials that differ qualitatively
outside the regions where the density is high. From a comparison of the two potentials
with the true Hartree potential, concludes that v% [nP,n?] is more appropriate as it
exhibits the asymptotic decay to zero expected naturally from a physical potential.

Both ways of using Forster-type potentials are implemented in the PARSEC code.
The Forster-type potential expansion feature can be (de)activated using the boolean flag
Use_foerster. 'The input parameter foerster type allows for the choice of the potential-
determination route along the previous lines: “foerster type = 17 is the default and uses Eq.

(D.4), whereas “foerster type = 2" uses Eq. (D.1]). The separation of the grid into two half
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spaces is always performed by the planes of the coordinate system that are perpendicular to

[ L A )

the coordinate axes. To this end, one needs to indicate the desired coordinate axis “x”, “y”, or
“z’ via the input parameter foerster half space (string) and the partitioning is performed
accordingly. To guarantee for consistent calculations, the selected scheme is used for the

ground state and during real-time propagation throughout.

D.1.2 Using Forster-type potentials in supermolecular systems

For the investigations on supermolecular systems of Chap. [f| I extended the Forster-type
potential evaluation of the previous section to deal with more complicated molecular arrange-
ments. This functionality may be (de)activated by the boolean flag Use multi_ foerster when
“Use_ foerster = true”. The statements of the previous section concerning foerster type ap-
ply accordingly.

Two different types of arrangements, linear and circular ones, may be used to separate
the entire grid into partitions, according to which one may place single molecules. These
setups can be addressed by the integer input parameter Foerster mneighbor type: numbers
1 to 3 correspond to linear arrangements, whereas numbers 10 and 11 imply circular setups.
The PARSEC input block Foerster centers was implemented to define the position of the
grid segments via the coordinates of their centers. For the sake of clearness, I use the term
“hub” for these points in the following. Note that the hubs always need to be listed in
consecutive order. In case of linear setups one additionally needs to specify the orientation
of the alignment in terms of the coordinate axis using the parameter foerster half space.
Then, the grid slicing is performed along each center line of neighboring hubs where center
lines are perpendicular to the specified coordinate axis.

Circular setups are supposed to be arranged on a circle around the origin in the z-y-
plane. The slicing is performed in terms of angles. If hubs are given via the input block
Foerster _centers, PARSEC computes the angles corresponding to the center lines that run
through the origin and through the middle of all neighboring hubs. Here, the number of
hubs should equal the number of wedges specified via the integer input parameter Foer-
ster _wedge number. The grid partitioning is performed along planes given by these center
lines and the z-axis. When no hubs are defined, PARSEC performs an equidistant circular
slicing while it assumes that the first molecule is positioned on the z-axis. In this case, one
needs to give the number of wedges using the parameter Foerster wedge number.

Within each of these arrangements, one may choose between different ways of how the
interaction between the subsystems is implemented. I start with the options that are avail-
able in the cases of linear arrangements. “Foerster neighbor type = 1”7 corresponds to an
interaction between next neighbors only for all moments of the multipole series except for the
monopole part. The latter contribution is by definition the most long-range one of the mul-
tipole series. It is important for reasonable absolute values of the potential and, therefore,
needs to be applied also beyond next neighbors. In case of “Foerster neighbor type = 27,
PARSEC computes the pairwise interaction between all grid parts. “ Foerster neighbor type
= 3” models periodic boundary conditions: It computes the multipole moments of the last
(first) molecule of linear arrangements and places a fictitious molecule with the same prop-
erties in front of the first (behind the last) molecule. The intermolecular interaction works
only between next neighbors and assumes equidistant molecular spacing.

As this proceeding is just a crude approximation to periodic systems, the idea with
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circular arrangements is to design “closed” systems where each molecule naturally has next
neighbors on both sides and no explicit periodic boundary conditions need to be applied. In
the circular setup of “Foerster neighbor type = 107, the interaction contributions beyond
the monopole term work only between next neighbors whereas monopole interaction applies
between all molecules. “Foerster neighbor type = 11”7 uses pairwise interaction between all
molecules of the setup.

D.1.3 Partition-selective excitation and observation

For TD investigations, it may be relevant to excite only specific subsystems instead of the
entire system. In cases where the previously explained partitioning is used, such subsystems
can be related to partitions of the grid. In D-A systems where the separation is performed
into two half spaces, such a feature can be controlled by the boolean flag Use sel boost. If
“Use_sel_boost = true”, one may indicate via boost half space in which of the half spaces
the excitation is supposed to work. This parameter reads a string with two positions where

the first position discriminates between the negative (“n”) and the positive (“p”) side of the

coordinate axis and the second position determines the axis (“x”, “y”, or “2”) along which the
separation occurs.

A similar feature is implemented in case of more complex supermolecuar systems by
the integer input parameter Fzcite center. If “Excite center = 07, the excitation is per-
formed only in one of the half spaces of the grid, thus one additionally needs to specify
boost_half space. Alternatively, one may address the grid partition where excitation is per-
formed via the hubs given by Foerster centers. To this end, one needs to set Fzcite center
to the number corresponding to the position of the hub in the Foerster centers input list.
Finally, the input option “ Fzcite center = -1” deactivates selective excitation and the excita-
tion process is applied in all partitions of the grid. Note that both space-selective excitation
features may also be used independent of the Forster-type potential expansion.

In PARSEC calculations with multiple centers, some important observables are calculated
not only in the entire system but also for each system partition separately. In cases of Forster-
type potential approximations or selective excitation, the dipole moment and the integral
over the density corresponding to each grid partition are written to the file “multi center.out”
during time propagation. Here, the TD dipole moment is calculated relative to the centers
of mass at the initial time ¢t = 0 corresponding to each grid partition.

D.2 Unraveling the coupling strength with TDDFT

In this section, I briefly explain how the coupling strength and the energetic off-resonance
in a system of one donor and one acceptor molecule manifest in the TD dipole moment.
Note that the resonant coupling case was already discussed in Ref. [Hof08] and [Publ] The
considerations employ a two-level model [Neu0§| based on the assumption that the wave
function of the total system can be separated into D and A parts due to negligible electronic
coupling between D and A. To be able to employ the two-level picture, the excitation energies
of interest of the true system need to be well separated from the energies of other excited
states. Initially, the acceptor is in its ground state denoted by |A) and the donor is in an
excited state |D*). This amounts to an initial product state |[D*A) = |D*)|A) = |1). The
final wave function corresponds to the inverse situation, where |DA*) = |2). The states are
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characterized by their eigenenergies £ and Eo. One can measure the energetic off-resonances

by the parameter

AE — %(E1 _B). (D.7)

The coupling between |1) and |2) is mediated by the Coulomb interaction V. It leads to

the coupling-matrix element
V = (DA*|Vc|D*A). (D.8)

The time evolution of the two-state system with initial state |¥(0)) = |1) is given by
V(1) = ar(D)|1) + aa(t)[2) (D.9)
with the coefficients a1 (t) and ay(t) [CTDF99],

a1 (t)|* = B + A cos® ( V2 + AE%) :

(D.10)
las (1) = Asin? ( V2t AE?t) ,
where A = #ZEQ and B = %. This time evolution of the coefficients corresponds

to an incomplete oscillation with beat frequency wpeat = V'V2 + AE? that depends on the
coupling between the initial and the final state as well as the energetic off-resonance: The
occupation probability of the initial state varies around B with amplitude A, while the
occupation probability of the final state oscillates with amplitude A around zero.

The TD dipole moment d*(t) = (¥()[r|W(t)) of the acceptor, where I take the dipole
operator r in the space of the acceptor only, can be calculated as

d*(t) = lar ()P (AILAA) + las () (A*[r? A7) (D.11)

Here, T exploited the orthogonality of |D) and |D*). If the static dipole moment (A|r®|A)
of A vanishes, Eq. (D.11) simplifies to

dt(t) = laz(t) (A" rH]A"). (D.12)

Accordingly, with the assumption that the static D dipole moment vanishes, the TD donor

dipole moment reads
d®(t) = |ax(t)|*(D*[xr"|D"). (D.13)

Thus, the resonance oscillation of the coefficients can be observed in the time evolution of

the dipole moments d*(t) and dP(t). In principle both Egs. (D.12)) and (D.13)) can be used
to determine V. Of special importance is Eq. (D.13) together with Eq. (D.10): A fit to

the absolute of the extrema of the k-th component of the D dipole moment time evolution
provides Apg, Bpy, and wheat, where py, = (D*|[rP|D*). It can be used to determine V, AFE,
and pi. One obtains

Api
Apy + Bpy,

Bpyg
AE = || —5 . D.15
Apk—i-Bpkwb t ( )

V = Wheat (D14)

and
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A typical time evolution of the z-component of the D and A dipole moments of the model
system is depicted in Fig.[D.I]together with fits to the corresponding envelopes. Note that the
two-level model qualitatively fits to the dipole oscillation of the off-resonant, coupled system
of two molecules. However, the dipole moment envelopes do not perfectly follow the sin?- and
cos?-shape. I understand these deviations as a consequence of the coupled system not being
perfectly separable into D and A parts as one assumes in the model. Furthermore, although
the second excitation of Nag with polarization in z-direction is energetically far off and carries
notably smaller oscillator strength, Nao is not a perfect single level system. Therefore, the
system of two sodium dimers does not perfectly fit into the two-level model. Nevertheless,
the approach provides a tool to determine the coupling V' and the energetic off-resonance
AFE. The validity of the model can be checked by comparison of the thus obtained AE
to TDDFT excitation energies. Two different ways are available for calculating the latter:
either from straight forward TDDFT propagation of one dimer with shifted bond length
or along the just presented route. I performed both methods and found good agreement.
Therefore, I assume reasonable quality of the coupling-matrix element results of Fig.

D.3 Stochastic time-dependent density functional theory

D.3.1 An attempt towards a theoretical justification of stochastic time-
dependent density functional theory with specific bath operators

Establishing an open quantum system scheme in the framework of TDDFT is highly relevant
for studying large scale systems in contact with some effective environment. However, its
theoretical foundation suffers from conceptual difficulties as I explain in Sec. 5.2.2] In this
section, I supplement already existing approaches of proving open quantum system schemes
in the TD(C)DFT framework. The underlying idea is based on the SSE and transparently
illustrates how the range of possible bath operators is restricted to guarantee for the existence
of an auxiliary system that reproduces the same density as the original interacting open
quantum system of interest. The assumptions on the range of bath operators are guided
by the attempt to avoid current density dependent contributions where v-representability
is questionable [DV05]. The idea of proof was developed to establish the existence of a
non-interacting open quantum system that reproduces the density of an interacting open
quantum system for the bath operator that I introduced in Sec. The applicability of
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the idea of proof to this bath operator is discussed critically at the end of this section.
The attempt towards a proof of stochastic TDDFT starts from the system Hamiltonian

N 2
Hg = Z [I; + Vext (Ti, t } + ZW —rj) (D.16)

=1 1<j

without vector potentials. The initial state of the wave function ¥ at ¢t = tg is Wy, I
follow the reasoning of van Leeuwen [vL99] and consider the equations of motion of the
ensemble-averaged density (see Eq. (5.13)) and of the ensemble-averaged current density

8tjk(r7 t) = _n( )akvext Z 0; ﬂk <T/J(t) ‘Wk (I‘) W}(t» + gB k(r7 t)?

(D.17)
where the k-th component of the current density modulation that is induced by the bath is
described by

1
gBk(I‘, t) = §<QSTjk(r,t)S - STSjk(r,t) — jk(r,t)STS>. (D.18)

Here, I adopted the notation of van Leeuwen [vL99] for the momentum-stress tensor T;(r)
and the gradient of the particle-particle interaction Wy (r). Moreover, I apply van Leeuwen’s
physical assumptions on the shape of the external potential and its analyticity in time [vL.99].
By taking the time derivative of Eq. and the divergence of Eq. one obtains

92n(r, 1) :v[ (1) Vet (1, )] +q(r,t) — VGp(r,t) + O Fp(r, 1), (D.19)
where
\Zzaaszk +Zaka )eb(t)). (D.20)
i=1 k=1

To investigate the one-to-one correspondence between the external potential and the
ensemble-averaged density, I put some restrictions on the functional dependence of Fg(r,t)
and Gg(r,t) on n(r,t) and j(r,t). I assume that Fg(r,t) depends on n(r,t) only and Gp(r,t)
exhibits the general form

Gi(r,1) = afn(r, D)(OJ(r, 6) + bln(r, D) (5T, o) + (@ Dl(r,8).  (D.21)

Here, a and b are arbitrary scalar functions that may depend on n(r,t) and ¢, whereas c is
a general vector that may depend on n(r,t), r, and ¢t. The question whether bath operators
that fulfill these assumptions exist is discussed below. One obtains

o*n(r,t) =V {n(r,t)Vvext(r,t)} +q(r,t) + 0, Fu(r,t)
—aln(r, )]()Vj(r, 1) = bln(r, )] () Vi(r, to) — Veln(r, )](r,t)

by inserting Gp(r,t) of Eq. lb into Eq. (i Finally, Vj(r,t) and Vj(r,tp) can be
substituted using the continuity equation (5.13)) and one arrives at

92n(r,1) =V [n(r, 1) Ve (T, t)} +q(r,t) + 8 Fp(r, 1)
+ a[n(r, t)](t)On(r,t) — a[n(r,t)](t) Fp(r,t) (D.23)
+ b[n(r, t)|(t) dn(r,1) o b[n(r,t)](t)Fa(r, to) — Ve[n(r,t)](x, t).

(D.22)
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Equation directly relates the external potential to the ensemble-averaged density
without need for the current density.

Based on an equation similar to Eq. , van Leeuwen shows with his original proof
that the density of a closed quantum system can be reproduced by an auxiliary system with
Hamiltonian

N
p:
Hé:; [ Pt (it ] +;W 1) (D.24)

which contains a different particle-particle interaction W’ and external potential v . The
auxiliary system starts from the initial state ®y and the potential v/ , vanishes at infinity
as vext does. The van Leeuwen proof relies on some initial and boundary conditions for the
density and current density: The density of both systems needs to be equal, i.e.,

(@o|n(r)|Po) = (Yo|n(r)[Po). (D.25)

Both systems need to start from the same time derivative of the density, i.e., 9n/(r,t) =
On(r,t) at t = tp, and one obtains via the continuity equation

(@0|Vj(r)|®o) = (Vo|Vi(r)[¥o). (D.26)

To apply the van Leeuwen construction scheme of the external potential of the auxiliary
system in the open quantum system case with bath operator S’, I adopt equivalent initial
and boundary conditions for the corresponding ensemble-averaged properties. However, due
to the presence of Fp(r,t) and Gg(r,t), some further requirements on the action of the bath
operator need to be introduced in the auxiliary system. I assume that the modulations of the
density equation of motion that are induced by the bath need to be both density dependent
only and identical at ¢ = t, i.e., Fp(r,t9) = Fj(r,to). Moreover, Gi(r, t) needs to have the
same structure as Gp(r,t), so that

Gp(r,t) = d'[n/(r, )] () (v,t) + V' [/ (v, )] ()] (r, to) + [’ (r,1)] (r, £). (D.27)

Here, o/, I/, and ¢’ correspond to the quantities of the original system in terms of their
dependence on n/(r,t), r, and ¢. These requirements imply that one needs to find a bath
operator S’ in the auxiliary system that leads to a density-only dependent Ff(r,t) with
initial condition Fg(r,t9) = Fj(r,to), a linear current density dependence of G (r,t), and
density dependent coefficients a’, b’, and ¢’. Thus, the auxiliary system follows the equation

OFn(1,0) =V [0 (5, V0 (1,)] + ¢ (1,6) + O Fh(r, )
+ o[ (e, )00 (x, £) — o/ [ (x, D) () F(r, ) (D.28)
FYRED)0) 00|~V D)(OFp (e t0) - Ve D)(r.)

which is similar to Eq. (D.23]) with all system specific properties being primed.
If one assumes that both systems have the same ensemble-averaged density, i.e., n(r,t) =

n/(r, 1), one obtains by subtracting Eqgs. (D.23) and (D.28)
v [n(r,t)Vw(r,t)} = ((r, 1), (D.29)
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where w(r,t) = vext(r,t) — vl (r,t) and

((I‘, t) = q/(r,

~
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[, B))(t) — aln(r,))(1)| Oin(r,7) — o' (o, ) (1) Fh(x, 1)
+ alne D)0 Fa(r, 1) + [V, )0) — bln(, 9)(0)| 01 0, )

— V' [n(r, t)](t) Fp(r, to) + bn(r, )] (t) Fa(r, to)
— Vv [n(r,t)|(r,t) + Ve[n(r, t)](r, ).

The first two terms of Eq. equal the contributions of the van Leeuwen construction,
whereas all other terms come from the influence of the bath and depend only on the ensemble-
averaged density. Note that no explicitly current-density-dependent terms occur as I aimed
at when setting up the assumptions for the structure of /g and Gp. As Eq. is of
Sturm-Liouville type, a unique solution for w(r,t) exists if n(r,t) and {(r,t) are known
[vL99]. From here on, the idea is to follow the rationale of Ref. [vL99]: Solve Eq. ( at
t = to and consecutively compute its time derivatives to construct vl (r,t) from its Taylor
series order by order in time within the convergence radius of the Taylor expansion. Note
that the potential v (r,t)+ C(t) produces the same density as the system is not sensitive to
a purely TD shift C(¢) of the potential. In the van Leeuwen construction scheme [vL99], the
choice of the boundary condition of w(r, t) at infinity fixes a particular gauge of the potential
vy (r, ), thus determines the arbitrary constant C/(t).

In summary, the just presented rationale indicates: If one restricts the range of allowed
bath operators and uses reasonable initial and boundary conditions the ensemble-averaged
density n(r,t) obtained from an open quantum system with Hamiltonian Hg, bath operator
S, and initial state Uy can be reproduced by an auxiliary open quantum system with dif-
ferent particle-particle interaction W’ and initial state ®y. The external potential v. (r,t)
— determined up to a purely TD function C(t) — is uniquely defined as long as the bath
operator S’ is chosen adequately. Thus, within the assumptions discussed above, a one-to-
one correspondence between the external potential and n(r,t) exists, and the approach can
be used for open quantum KS systems with a TDDFT Hamiltonian and a suitable external
potential.

The potential obtained along this construction scheme may depend strongly on the choice
of the bath operators S and S’. Therefore, I consider one special case of the previous
assumptions where the density dependence of the action of the bath operator on the equation
of motion of the ensemble-averaged density and current density is the same in the original
and the auxiliary system, i.e., Fp(r,t) = Fj(r,t), a =a’, b =10, and ¢ = ¢. In this case
Eq. reduces to

((I‘, t) = q/(I‘, t) - Q(r> t)a (D'?’l)

thus equals the term of van Leeuwen’s closed quantum system proof, yet with ensemble-
averaged quantities. Here, the potential v.(r,t) is determined by ((r,t) only, as both bath
operators have by construction the same influence on the equations of motion of n(r,t) and
j(r,t) in the original and the primed system.

Finally, T discuss the practical value of the just presented strategy. To this end, I consider
a bath operator in the original SSE that is motivated in analogy to the single-particle bath
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operator of Sec. The bath operator
S = V¥ () (¥(t)] (D.32)

induces relaxation of the excited system back to its ground state with the decay rate ~.
Inserting S into the formula for Fg(r,t) yields

Fp(r,t) = (W)W @) (U)W (#))n(r, to) — <‘1’(t)|‘1’(t)><‘1’(t)\n(r)|‘1’(t)>}- (D.33)

The wave functions that are solutions of the SSE are normalized only in the ensemble average
up to fourth order in the coupling parameter A, i.e., not every ensemble member itself is
normalized. Therefore, focusing on the second term of Eq. , one cannot simply split
the statistical average of this term in two factors because in general

(WO @) (E(@)[n(r)[¥()) # (@)W E)) (¥@)|n(r)[¥(t)) = (1 + (9(>\4))<‘1’(t)n(r)|EPD(t)l)
3

The same problem occurs also when setting up Fj(r,t) using the KS reference system to-
gether with the bath operator

S" = A1 (t0)) {2 (1)] (D.35)
that is supposed to model a bath mechanism that is equivalent to S in the stochastic TD
KS equation (5.12) using the stochastic TDDFT KS Hamiltonian

N

V2

H@mwﬁzzﬂ—5+%mﬁ+%ﬁmﬂmﬂmw, (D.36)
i=1

where v}, needs to be computed from v{;, vexs, and the corresponding v/.

For the connection between the bath operators S and S’ and the idea of proof presented
above, it remains to be argued that Fg(r,t) and Fj(r, t) are pure functionals of the ensemble-
averaged density, i.e., one needs to establish a relation like

(W) @) (W) () ¥(t)) = flnr, )] (Y (E)]n(r)[¥(E)) (D.37)

and corresponding relations for the KS system, where f is some unique functional of n(r, ).
An analogous problem appears also when one investigates the dependence of Gp(r,t) and
Gi(r,t) on the ensemble-averaged density and current density. Relations such as Eq. ,
similar relations for statistical correlations that emerge in Gg(r,t), and the corresponding
contributions in the KS system remain to be investigated.

From a practical point of view, one could consult the quantum-jump (qj) algorithm
[IDCM92, IGPZ92, BP95, BP06] in order to get a grip on the problem with the statistical cor-
relations. The piecewise deterministic evolution performed in the quantum-jump algorithm
preserves the norm of each ensemble member 4. Thus, the problem with the statistical
correlations of the above discussion is avoided as (W% (¢)|W%(¢)) = 1 for each ensemble mem-
ber. Fp(r,t), Fh(r,t), Gu(r,t), and Gy(r,t) computed with S and S" would then exhibit
the dependencies on n(r,t) and j(r,t) required for the idea of proof.

For solving the open system KS equation based on the stochastic TDDFT Hamil-
tonian of Eq. with the quantum-jump algorithm, one needs to propagate the norm-
preserving equation

@@:H@¢_%¢§¢+§w@W¢ (D.38)
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and simultaneously also the auxiliary equation
19, 0™ = Hj @™ — %s’*s’qﬁ“, (D.39)

where the norm of the auxiliary system decays. The scheme of Ref. [WT79]| to transfer these
equations to two sets of N single-particle equations applies when one uses S’ of Eq. .
One can demonstrate that the resulting equations equal the equations of the single-particle
quantum-jump algorithm of Sec. if one takes the single-particle bath operator

si = VAlpi(to)) (wi(t)]- (D.40)

In summary, it is possible to find a single-particle version of the quantum-jump algorithm
according to the scheme of Sec. for simulating the open quantum system KS equation
when using the TDDFT Hamiltonian of Eq. and the bath operator S” of Eq.
(@. Note that the dipole-dependent factor of the single-particle bath operator of Eq.
5.19) can be included straight forwardly to this rationale by introducing a time-dependent
damping factor J(t) = v|dg(t) — di(to)[?/D? to s} instead of v that takes the purely density-
dependent dipole moment into account.

D.3.2 Bath operators in the single-particle KS framework and related
features

The choice of the bath operator is at the heart of the applicability of the open quantum
system TDDFT scheme. On the one hand, the bath operator models the underlying physics
of the bath mechanism, thus needs to be motivated by physical processes. On the other hand,
it is important for the theoretical foundation of the open quantum system TDDFT framework
and the existence of a single-particle scheme. Here, I introduce four heuristically motivated
bath operators. All four bath operators are designed for the single-particle framework of
KS TDDFT. They involve projection operators and induce relaxation of the entire excited
system back to its ground state via projection to the occupied ground-state KS orbitals. The
rationale behind these operators and their implementation is explained in the following.

The central idea behind the first bath operator is to interpret the differences between
eigenvalues of occupied and unoccupied KS orbitals as excitation energies of the system. In
this sense, one obtains, e.g., an excited state by replacing one of the occupied orbitals of the
GS system by one of the higher lying unoccupied KS orbitals. Then, relaxation to the ground
state may be performed if one detects the overlap of the time evolution of each orbital of
this system with the space of all (or at least the most important) unoccupied orbitals and
projects back to the ground state. To model this behavior with single-particle operators,
the first bath operator 351) uses a large basis of M occupied and unoccupied KS orbitals,
computes the overlap of all TD KS orbitals to these basis functions, and projects onto the
corresponding GS orbital depending on the magnitude of the overlap [PDV08,[ADV11]. This
bath operator reads

M
sV =7 Y lailto)){es(to), (D.41)

j=i+1
where I use all KS eigenstates with an eigenvalue that is energetically above the eigenvalue of
the reference orbital o;(Z9) and project back to the latter orbital. The factor /7 includes the
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decay rate «y corresponding to the decay time 7 = 1/7. Although this type of bath operator
may be used to model interesting physics, to the best of my knowledge there is no explicit
proof available that guarantees for its validity in the stochastic TDDFT framework of open
quantum system theory. Therefore, I investigated alternative types of bath operators for the
work that is presented in Sec. and used sgl) only for test calculations and implementing
the algorithms.

The second class of bath operators induces relaxation of the excited system back to its
ground state via projectors of the TD KS orbitals onto the corresponding GS orbitals. Such
operators are motivated and introduced in Sec. [5.3.2] Here, I shortly outline a generalized
version of this bath operator together with its implementation to the PARSEC code. The
time constant of the decay process is given by the decay rate v. One additional multiplicative
factor renders this type of bath operator sensitive to variations of the multipole moments of
the entire density or to such moments of particular subsystems. For reasons of a notation
consistent with the PARSEC input that is explained in Sec. this bath operator is
labeled by the superscript (4) and reads

o = O SOl o, (D42

where 7 is an effective decay rate. The operator is proportional to variations |dy(t) —dg(to)]
of the dipole moment dy(t) = [ rng(r,t) d3r of the subsystem indicated by the index k. Here,
the index k denotes a specific part of the grid using a particular partitioning scheme of the
grid (see Sec. for further details about grid partition ideas). The density ng(r,t) is the
density that corresponds only to subsystem k. Thus, this operator causes deexcitation of the
entire system, but is sensitive to local changes of the dipole moment from the corresponding
GS values during time propagation. D denotes a normalization factor of the dipole moment
variations. In this approach, the time constant related to the rate v of the dissipative
mechanism is a free parameter, whereas D needs to be chosen reasonably as discussed in
detail in Sec.[5.3.2] An attempt towards the theoretical justification of the use of this bath
operator modulo the dipole-dependent factor in the framework of stochastic TDDFT using
single-particle KS equations is outlined in Sec.[D.3.1]

Another approach to define bath operators involves besides to the KS orbitals also lo-
calized orbitals {¢1°°(tg)}, where localization is performed according to the Foster-Boys
criterion. The rationale behind this idea is to find bath operators that act in a restricted
part of the grid. To this end, they measure the spatial localization in a specific region of
the grid by calculating the overlap of the K localized orbitals ¢!°¢(to) and the KS orbital
onto which the operator acts. Here, the localized orbitals are dedicated and selected to rep-
resent orbitals that correspond to subsystems localized in particular parts of the entire grid.
Therefore, instead of using the KS orbitals as in 354), the bath operator 3&2) uses Foster-Boys
orbitals in the projector that are computed from localization of the occupied ground-state

KS orbitals and projects onto the corresponding ground-state KS orbital, i.e.,

K
o2 = 30 A O ) e (D.43)
k=1

The dipole-moment-sensitive factor guarantees for the dependence of the action of this bath

®3)

operator on the dipole moment. Alternatively, bath operator s;”’ resembles the previous
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operator, but does not include the dipole-moment-sensitive factor. Instead, it uses Foster-
Boys orbitals computed not only from the occupied GS orbitals, but also takes unoccupied
KS orbitals into account. Among these, PARSEC selects all Z orbitals @lcoc(to) that are
localized in a predefined part of the grid. The bath operator reads

Z
s =3 Aleilto)) (e (o). (D.44)
(=1

Yet, to the best of my knowledge, the application of bath operators that rely on localized
orbitals computed from ground-state KS orbitals in the context of stochastic TDDFT is not
based on a solid theoretical proof. The first tests of these operators revealed difficulties that
might be related to the interplay of localized Foster-Boys and delocalized KS orbitals in
single-particle projection operators. Nevertheless, using localized orbitals to design spatially
localized bath operators might be a promising route for further bath-operator development
based on projection operator formalisms. In particular, it might be interesting to investi-
gate the application of localized orbitals computed from the TD KS orbitals during time
propagation.

For bath operators that relax the excited system back to its ground state, some prac-
tical advantages appear in the quantum-jump algorithm of Sec. [5.2.2} If no TD external
perturbations occur after the initial excitation, the system remains in the ground state after
each quantum jump. As a consequence, the time evolutions of all orbitals of the stochastic
ensemble follow the same pattern: The KS system evolves deterministically until a quan-
tum jump occurs. Then, back in the ground state, the system propagates trivially with TD
phases according to the KS eigenvalues as acting with the bath operator on the ground state
does not change the system. Therefore, the entire statistical ensemble can be generated
from a single deterministic evolution of Eq. alongside with the determination of the
waiting-time distribution:

(i) calculate a sufficiently long deterministic evolution together with the norm decay of the
auxiliary system

(ii) draw random numbers, find the points of time of a large number of quantum jumps,
and determine the waiting-time distribution

(iii) generate single trajectories of the ensemble where the time evolution up to the jump
is determined by the deterministic evolution and GS values are used for the time after
the jump

The physical quantities of interest follow from averaging over the observables calculated from

the thus obtained statistical ensemble. Finally, note that I perform orthogonalization at the
(1) 3)

end of each time step as suggested in Ref. [ADV1I] in case of bath operators s;”’ to s;”,

whereas orthogonality is preserved in bath operator (4).

D.3.3 PARSEC features and input parameters

The final section of this appendix is dedicated to an explanation of the PARSEC input
parameters related to the stochastic TDDFT (STDDFT) implementation. Additional general
remarks concerning the PARSEC input and especially the input data types are compiled in



APPENDIX D. FORSTER-TYPE POTENTIALS AND STOCHASTIC

I8 TIME-DEPENDENT DENSITY FUNCTIONAL THEORY

Sec.[E.1] All STDDFT functionalities may be (de)activated by the boolean flag Use_ stddft.
When STDDFT calculations are performed, the most important choice is the selection of
the bath operator via the integer input parameter Bath Type. The numbers that specify the
different operators correspond to the numbers in parenthesis that I used in the superscripts
of Eqs. to to label the different operators in the previous section. One needs
to specify these numbers using the integer input parameter Bath_operators to choose among
the bath operators. Yet, in the current version only a single type of bath operator can be
used per PARSEC run. Either the decay rate or the decay time need to be set for this bath
operator using the input parameters Decay rate (double precision) or Decay time (physical).
In the cases of bath operators (2)-(4) that involve either dipole moments of local subsystems
or Foster-Boys localized orbitals, one needs to specify the grid partition to which the bath
operator is supposed to be sensitive. This information may be provided via the input block
Damping _centers, where PARSEC expects the index of the desired partition (see Sec. in
the first column and, in the second column, the normalization factor D corresponding to the
molecule that is located in the indicated partition. The determination of this normalization
factor is explained in Sec. If localized orbitals are involved, the localization threshold
may be set via the parameter Localization threshold (double precision).

A partition-selective excitation may be performed as explained in Sec. Alterna-
tively, in case of bath operator (1), excitation may be performed within the KS system by
replacing one of the occupied orbitals of the KS GS configuration by one of the energetically
higher lying unoccupied orbitals. The present PARSEC implementation provides means to
replace the HOMO orbital by the LUMO. This feature can be (de)activated by the boolean
flag Switch_orb. A partition-selective observation (see Sec. is automatically active
if partition-selective excitation or damping are used. Additionally, one may also request
output of the time evolution of the projection of each TD KS orbital onto the GS KS or-
bitals via the boolean input flag Overlap output. This option is not active by default. More
output can be generated during STDDFT calculations if one is interested also in details
of the norm decaying auxiliary system. This output may be selected via the boolean flag
Decaying  system_output but is inactive by default.

Last but not least, the determination of the quantum-jump times is based on random
numbers. However, working with random numbers causes difficulties during the implemen-
tation phase of such a stochastic code as one likes to preform identical calculations to test
the influence of changes in the code. Apart from this, for some of the calculations, I prefer to
set up the random numbers outside the PARSEC code, thus perform PARSEC calculations
with preset random numbers. For such cases, I introduced the integer input parameter Ran-
dom__ seed, that can be used to specify the initialization and thus predetermine the outcome
of the random number generator.



Appendix E

PARSEC miscellaneous

This appendix comprises a collection of PARSEC functionalities that I implemented during
the work on this thesis and that do not belong to the topics covered in the previous appen-
dices. Sections to contain PARSEC features related to the real-time propagation
routines, whereas in Secs. and [E.6] I present some implementations to the ground-state
section of the code. For a more general introduction to the PARSEC input, see the PAR-
SEC documentation and Ref. [KMTT06|. In the following section, I start with some general
comments about the design of the PARSEC input script.

E.1 General comments on the PARSEC input

The PARSEC input involves different structures and data types that may be used for a case-
specific definition of input variables E] Therefore, in the following I briefly introduce the data
types that are relevant for the input options added during the work on this thesis. Control
parameters that determine specific functionalities of the code are typically based on the data
types integer (int), boolean (bool), or string. For typical physical and numerical parameters,
the data types integer, double precision (dp), and physical are used. The difference between
double and physical is that in case of variables that are indicated to be physical, a physical
unit corresponding to the specific input parameter may be added to the input value. If no
physical unit is specified explicitly in the input file, PARSEC reads the parameter value
nevertheless and assumes default units. The PARSEC input block structure (block) allows
for the input of data arrays in terms of the lines and columns between the block-structure
indicators. In such structures, all numbers are assumed to be of double precision value. If
necessary, | indicate these data types during the explanations about the input parameters
that are relevant for this work.

E.2 Determining the midpoint Hamiltonian during propaga-
tion via extrapolation

To perform real-time propagation with the PARSEC code, two numerical realizations of the

propagator [CMR04] are implemented [MKHMO06, Mun07, Mun09]: the Taylor algorithm

!More information about the PARSEC input is available in the PARSEC User's Guide
(http://parsec.ices.utexas.edu).
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based on a fourth order Taylor expansion of the exponential function and the so-called split-
operator algorithm where the KS Hamiltonian is split into Hartree and xc contributions on
the one hand and kinetic and external contributions on the other hand. The advantage of
the latter approach is that per time step only a single evaluation of each contribution to
the total Hamiltonian is needed [Mun(9]. Instead, the Taylor method relies on a Hamilto-
nian determination with a predictor scheme that first computes the so-called midpoint KS
Hamiltonian hxs(r,t + At/2) after half of the time step and only then performs the full
Taylor time step [CMR04, MKHMO06, Mun07, Mun09]. This scheme requires two evalua-
tions of the KS Hamiltonian. The prize one has to pay for the reduced numerical effort
in the split-operator scheme is that numerical stability of this propagation method is not
guaranteed and, therefore, the time step needs to be chosen small enough to avoid spurious
self-excitation effects. The fourth order Taylor scheme is known to be conditionally stable
[CMRO4], yet numerically more involved.

However, during propagation of orbital functionals where the evaluation of the potential
— especially its xc contribution — is the most cost-pushing factor, one likes to avoid as many
potential evaluations as possible. Therefore, I implemented an extrapolation scheme that
saves most of the potential evaluations for the midpoint Hamiltonian as it extrapolates the
midpoint Hartree-xc potential vpxe(r,t + At/2) from previous time steps via second order
polynomial interpolation based on the polynomial

VHxe (T, t + At) = mAt? + nAt + o. (E.1)

The coefficients m, n, and o can be computed from the potentials of three previous time
steps at t — 2At, t — At, and ¢ by solving the corresponding set of equations. One obtains

1
m = BYNE] [VHxe (T, ) + Vixe (v, t — 2At) — 20y (1, t — At)], (E.2)
1
n = TAt [UHXC(r,t — 2At) — 4UHXc(r,t — At) + 3’UHXC(I'7 t)] , (ES)
0= UHXC(r> t) (E4:)

Inserting these coefficients into the interpolation formula of Eq. (E.1)) yields the new midpoint
potential

VHxe (T, t + At/2) = 0.3750pxc (v, t — 2At) — 1.250px (v, t — At) + 1.875vpx(r, t).  (E.5)

In this procedure, all potentials at integer multiples of At are computed by explicit potential
evaluation, whereas most of the midterm potentials are determined via Eq. . As this
scheme requires at least two Hartree-xc potentials of times earlier than ¢, it can not be
applied during the first two steps of the propagation. In this case, the midpoint potentials
are computed explicitly by a predictor step [CMR04, MKHMO06, Mun07, Mun09].

The extrapolation scheme can be (de)activated in the PARSEC input using the flag
Prop__extrapolation, which is of boolean data type. The default is “false”. It applies only
for the Taylor propagation method. Numercial tests of the extrapolation procedure on
Najy revealed minor deviations to the original Taylor method of the dipole signal only at
maxima and minima of the TD dipole moment. These deviations did not affect the Fourier
transformation of the dipole signal. However, propagation times of orbital functionals are
reduced to almost half of the propagation time of the full Taylor algorithm as now the most
cost-intensive procedures need to be performed only once per time step.
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E.3 On the fly Fourier transformation of the time-dependent
density

In this section, I explain how the customized PARSEC version determines transition densities
introduced in Sec. i.e., the Fourier transformations of the TD density. In principle, if
one likes to compute the full frequency dependence of the density, one should compute a
long enough time evolution of the latter, store the density with a reasonable time resolution
on each grid point one is interested in, and finally perform a three dimensional Fourier
transformation of the full signal. However, this proceeding is prohibitive as it would require
a huge amount of memory to store all signal with a reasonable resolution. Therefore, to
calculate transition densities corresponding to specific excitation energies, I implemented
an on the fly procedure to compute the Fourier integral at preset frequencies during time
propagation: I use a simple trapezoidal rule to integrate

T
p(r,wy) /0 (n(r,t) — n(r,0))e“"" dt (E.6)

step by step during the time run at fixed frequencies w,. Thus, one needs to store only
p(r,wy,), i.e., one array over the entire grid for each frequency wy,. This frequency dependent
Fourier transformation can be activated by the flag T'D  Fourier Trafo number that should
equal the total number of frequencies where the Fourier transformation shall be performed.
It is active when TD_Fourier Trafo number is positive and differs from zero. The specific
frequencies at which Fourier transformation is supposed to be performed can to be indi-
cated using the PARSEC block structure TD_FT frequencies. There, one needs to list all
frequencies in eV units.

E.4 Propagation miscellaneous

This final chapter on implementations to the propagation section of the PARSEC code
includes all features that are not related to a concrete area or specific results of this thesis
but were implemented to test some ideas and properties during propagation.

The first feature involves a test of how much the orbitals differ from the GS orbitals
multiplied by the TD phase factor exp(—ie;t) using the eigenvalue €; of each orbital j.
To this end, when the option Prop check_linear response (boolean) is activated, the code
determines how much the TD orbitals ¢;(r,t) differ from ¢;(r,0)exp(—ie;t) in terms of
the maximum difference, the integral of the absolute difference, and the integral over the
absolute square of their difference. From the output per orbital, one can estimate how much
the orbitals change during propagation due to some arbitrary excitation process.

The second propagation feature was implemented to test if enhancement of the ef-
ficiency of the propagation algorithm can be achieved by freezing some of the orbitals
during propagation. This option may be (de)activated by the flag Use sel orb prop
(boolean). 1 implemented the PARSEC block structures Sel up orb_prop block and
Sel _dn_orb_prop_block to be able to indicate the active and frozen orbitals separately
for spin up and down. These block structures consist of two columns requiring the number
that refers to orbitals in the PARSEC code in the first and indicators for the orbitals in the
second column. Active orbitals, labeled by “1”, are propagated regularly by application of
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the KS Hamiltonian and frozen orbitals that remain at their GS values need to be labeled by
“0”. First numerical tests of orbital freezing on small molecules showed that as soon as one of
the orbitals was frozen, the dipole signal differed notably from the true dipole moment time
evolution. Yet, this idea was never checked for sizable molecules where potentially some of
the lower lying orbitals contribute less to the TD dipole signal.

Finally, if one likes to use static electric fields in dipole approximation during time prop-
agation, this may be achieved by choosing “ Laser shape = rampnola” in the PARSEC input
as implemented by Anne Klimach. In this case, the potential of the external field may grow
to unphysically large numbers at the outer part of the real-space grid. Therefore, in some
cases it may appear reasonable to set the external potential constant outside a certain vol-
ume around the system. To this end, I implemented the physical PARSEC input parameter
Const_field_radius. It reads a distance to the origin of the grid that determines a boundary
outside which the potential is set constant to the value of the potential on this boundary.
Note that this feature works only if the polarization of the external field is chosen to point
exactly into the direction of the coordinate system. This option is turned off (default) when
Const_field radius is set to be zero.

E.5 Adaptation of the diagonalization tolerance during the
ground-state procedure

Most of the computation time of the PARSEC ground-state iterations goes into the diago-
nalization of the Hamiltonian matrix. Comparison of the performances of PARSEC and the
octopus code [MCBRO3, ICAOT06] in collaboration with Heiko Appel revealed that partic-
ularly much time gets lost in PARSEC when diagonalization is performed during the first
iterations of the self-consistency procedure. There is one striking difference between PAR-
SEC and octopus: To my understanding, the octopus code limits the maximum number
of matrix times vector multiplications in the diagonalization routine ﬂ Thus, with a rea-
sonable choice of this limit, it accepts a reduction of the accuracy of the diagonalization
during the first iteration steps where typically a larger number of matrix times vector mul-
tiplications are needed for high diagonalization accuracy. PARSEC performs high accuracy
diagonalization from the first iteration step on. Yet, during the first steps of the KS self-
consistency procedure, the KS Hamiltonian may notably deviate from the final self-consistent
KS Hamiltonian. Hence, it appears worthless computing the orbitals already with the final
diagonalization accuracy as they come from a Hamiltonian that is not converged.

Therefore, I implemented an adaptation scheme that adjusts the diagonalization tolerance
to the self-consistency residual error measured via the integral over changes of the charge
weighted potential. From the first iteration until the SRE drops below 10° times the preset
convergence threshold ¢, a diagonalization solver tolerance ¢ of 1 x 1073 is used. Then, the
diagonalization tolerance is reduced towards the final tolerance f in four steps ¢ when the
SRE drops below 10°~‘c according to

t = 10—3+i(3+10g10(f)). (E?)

2The information about the limitation of matrix times vector multiplications in the octopus code came
up in discussions with Heiko Appel.
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This choice of the SRE and the solver-tolerance thresholds relies on practical experience and
yields reasonable performance enhancement, while for most systems the final results are not
influence by adaptive solver settings as long as sufficiently low convergence parameters are
guaranteed in the end. Therefore, using this scheme the detection of the convergence of
the self-consistency procedure is allowed only when the solver tolerance has dropped to its
final value f. This diagonalization tolerance adaptation can be activated by the boolean flag
Adaptive diag tolerance. Yet, it is deactivated automatically when the (G)OEP or GKLI
are used, “poissonsolver = 1”7, or Forster-type potential evaluation is applied, because in
these cases experience shows that high accuracy of the diagonalization is preferable from the
start.

E.6 Ground-state miscellaneous

The last section of this appendix contains a list of extensions to the GS PARSEC code that
are not covered by the previous appendices.

In the original version, PARSEC moves all nuclei of the system to center the outermost
nuclei with respect to the planes of the coordinate system. Yet, for some applications this
centering procedure of the nuclei positions is not desired. Therefore, I added the boolean flag
Centering atom_ position to control the centering option. The position centering is applied,
when the flag is set to its default value “true” and vice versa.

To investigate all contributions of the OEP potential and/or its KLI approximation
separately, T implemented the option OEP_ potential _output (boolean). When this flag is
“true”, the OEP or KLI potential is split into Slater and all contributions beyond Slater.
These are written to separate output files along all coordinate axis, on the planes of the
coordinate system, and as a cube file on the three dimensional grid.

Last but not least, a static electric field in dipole approximation may be applied during
GS calculations using the boolean flag Apply electric_ field. In the current implementation,
this field applies only in z-direction of the coordinate system. The field strength may be
defined by the physical PARSEC input parameter FElectric  Field.
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methods

A
ALDA
a.u.

B
B3LYP
BLYP

CASPT?2
cC
CCSD(T)
CEDA
CG

CT

D

DFT

e

EA

EET
EXX
FOBO
FOBO-SIC

fs

GGA
GKLI
GKLI-SIC

GKS
GOEP
GOEP-SIC

GS
GSIC
GSLA

acceptor

adiabatic local density approximation

atomic units

bath

Becke three-parameter Lee-Yang-Parr hybrid functional
semiempirical GGA functional that combines Becke88 exchange
and Lee, Yang, and Parr correlation

complete active space perturbation theory of second order
Coupled-Cluster

Coupled-Cluster (singles, doubles and perturbative triples)
common energy denominator approximation

conjugate gradient

charge-transfer

donor

density functional theory

elementary electric charge

electron affinity

excitation-energy transfer

exact exchange

Foster-Boys

SIC functional implemented via the GKLI approximation using
FOBO transformations

femtosecond

generalized gradient approximation

generalized Krieger, Li, and lafrate approximation

SIC functional implemented via the GKLI approximation using
energy-minimizing transformations

generalized Kohn-Sham approach

generalized optimized effective potential

SIC functional implemented via the GOEP approximation using
energy-minimizing transformations

ground-state

generalized self-interaction correction

generalized Slater approximation
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GSLA-SIC

HF

HK
HOMO, H
Hxc

P

KLI
KLI-EXX
KLI-SIC
KS

LDA

LH

LHF
LHF-CEDA
loc

LSDA
LUMO, L
LYP

MG

MPI

MP2

MP4

OEP
OEP-SIC
PARSEC
PBE

PZ

qj

RT

TD
TDCDFET
TDDFT
TDGKLI
TDGKLI-SIC

TDGSLA
TDGSLA-SIC

TDGSIC
TDFOBO-SIC

TDKLI
TDL(S)DA
TDOEP
TDSLA

LIST OF ABBREVIATIONS, FUNCTIONALS, AND METHODS

SIC functional implemented via the GSLA approximation using
energy-minimizing transformations

Hartree-Fock

Hohenberg-Kohn

highest occupied molecular orbital

Hartree-exchange-correlation

ionization potential

Krieger, Li, and lafrate approximation

EXX functional implemented via the KLI approximation

SIC functional implemented via the KLI approximation
Kohn-Sham

local density approximation

light-harvesting

localized Hartree-Fock

localized Hartree-Fock - common energy denominator approximation
localized

local spin-density approximation

lowest unoccupied molecular orbital

Lee, Yang, and Parr correlation functional

multigrid

message passing interface

Mgller-Plesset perturbation theory of second order

Mgller-Plesset perturbation theory of fourth order

optimized effective potential

SIC functional implemented via the OEP approximation
pseudopotential algorithm for real-space electronic structure calculations
Perdew, Burke, and Ernzerhof functional approximation
Perdew-Zunger

quantum-jump

real-time

time-dependent

time-dependent current density functional theory

time-dependent density functional theory

generalized Krieger, Li, and lafrate approximation in TDDFT

SIC functional implemented via the TDGKLI approximation using
complex-valued energy-minimizing transformations

generalized Slater approximation in TDDFT

SIC functional implemented via the TDGSLA approximation using
complex-valued energy-minimizing transformations

generalized self-interaction correction in TDDF'T

SIC functional implemented via the TDGKLI approximation using
spatially localizing transformations

Krieger, Li, and lafrate approximation in TDDFT

adiabatic local (spin) density approximation in TDDFT
time-dependent optimized effective potential

Slater approximation in TDDFT



LIST OF ABBREVIATIONS, FUNCTIONALS, AND METHODS
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ABSTRACT

We present a scheme to investigate energy transfer by real-time propagation of the Kohn-
Sham equations. The scheme’s purpose is to check and go beyond the dipole coupling
approximation underlying a Forster-type energy transfer, and to obtain information about
the coupling on the grounds of the density-functional theory. We observe deviations from
the dipole coupling approximation for small molecules.
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I. ENERGY TRANSFER AND TIME-DEPENDENT
DENSITY FUNCTIONAL THEORY

Energy transfer is one of the most fundamental processes on
the molecular scale, governing light-harvesting in biological
systems [1,2] and energy conversion in electronic devices such
as organic solar cells [3-5] or light-emitting diodes [6]. The
design principles of natural light-harvesting complexes [7-9]
have found considerable interest, as hopes are high that the
principles realized in nature can be mimicked in the design of
artificial organic devices [3,10,11].

One standard method to interpret experimental data of
excitation energy transfer between a donor (D) and an acceptor
(A) molecule separated by the distance R is the so-called
Forster resonance energy transfer (FRET) theory [9-21].
Forster theory describes the nonradiative energy transfer
mediated by a (quantum-mechanical) coupling between the
transition dipoles of the donor and acceptor molecules [13—15].
One of the central assumptions in FRET is that the coupling
between D and A can be described by a (point)-dipole-dipole
interaction, falling as 1/R>. Furthermore, FRET theory is
formulated for the weak coupling regime (i.e., the isolated D
and A excited states do not change significantly on coupling).
Based on these assumptions Forster derived an expression for
the energy transfer rate showing a characteristic R~% distance
dependence, with the nuclear vibrations being subsumed into
a spectral overlap factor between donor emission and acceptor
absorption spectra. The resulting, rather simple expression for
the energy transfer rate, see Sec. II for details, allows for
determining the intermolecular distance R by spectroscopy of
the coupled D-A system, and D as well as A individually.

Thus, FRET has gained tremendous importance as it
establishes a spectroscopic ruler on the nanoscale [22,23].
Typically it is applied in a range of distances from about 10
to 100 A [24,25]. However, in recent years the applicability
of the dipole coupling approximation underlying FRET has
been questioned in many applications [25-33] as frequently
the intermolecular distance R is comparable to the molecules’
extension, or the D and A molecules are connected by bridging
units.

Theoretical insight into the validity of the dipole coupling
approximation is, therefore, of great importance. As the
molecules of practical relevance often contain many elec-
trons, (time-dependent) density functional theory (TD)DFT
appears as a natural choice to study the problem on a
first-principles scale at bearable computational cost. Recently,
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TDDFT has been applied to Forster-type excitation energy
transfer questions [34—41] in the Casida-type linear response
formalism [42]. As a complementary approach to the Casida
formalism, real-time implementations [43—52] of TDDFT are
finding increasing attention due to their accuracy and favorable
scaling, which allows one to apply them to large systems
[53-55]. In addition, they do not require computation of the
exchange-correlation kernel, which can be advantageous when
advanced functionals that explicitly employ the orbitals are
used [47,49,56-58].

In the following we present a real-time TDDFT scheme
for investigating energy transfer and the dipole coupling
approximation. After shortly reviewing the pertinent concepts
of FRET theory in Sec. II, we discuss in Sec. IIT how the dipole
coupling can be incorporated into the real-time methodology.
This leads to a very general scheme for qualitatively checking
the validity of the dipole coupling approximation, as demon-
strated in Sec. IV. Under certain conditions that are explained
in Sec. V one can also determine the coupling matrix element
quantitatively. We stress that in all instances we deliberately
do not use the Kohn-Sham Slater determinant as an approx-
imation to the true wave function, staying truly on TDDFT
grounds.

II. THE DIPOLE COUPLING APPROXIMATION

In the following we briefly review the aspects of Forster
theory that are crucial for the further considerations. Starting

with Fermi’s Golden Rule, the energy transfer rate kET can be
written as [15]
KET = 27T|V|2/ de J(e), (1)
0

where J(€) is the spectral overlap between the normalized
donor emission and acceptor absorption spectra. Hartree
atomic units are used throughout. V is the electronic coupling
matrix element

V = (DA*|VC|D*A), )

where the Coulomb interaction VC mediates between the
initial and final wave functions. Forster theory is based on
the assumption that the wave function of the total system can
be separated into D and A parts due to negligible electronic
coupling between D and A. Initially, the acceptor is in its
ground state denoted by |A) and the donor is in an excited
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state | D*). The final wave function corresponds to the inverse
situation. Thus, the states in Eq. (2) are written as

1~ —
DA*| = —((DA*| — (A*D)),
(DA™ ﬁ« | = {A*D))

1 . €)
D*A) = —(|D*A) — |AD*)),
|D™A) ﬁ(l ) — |AD*))

where |DT4/*) abbreviates the product state |D)|A*), respec-
tively. Accordingly, the coupling matrix element splits into
the Coulomb contribution (i.e., D and D* having the same
coordinates)

Ve = (DA*|VC|D*A) (4)
and the so-called exchange contribution
* = (A*D|VC|D*A) (5)

(i.e., A* and D* having the same coordinates) [14,59,60]. As
the overlap between states falls exponentially with increasing
R, V¥ is neglected in FRET and only the Coulomb term
contributes to the Forster rate-of-excitation energy transfer.
(The exchange contribution gives the so-called Dexter-type
energy transfer [59].)

Under the assumption that the extension of the D and
A molecules is small compared to R
Tlg1 and ﬂ<<1 (6)

IR| IR|

(see Fig. 1 for the notation), the Coulomb interaction between
the electrons of D and A is expanded in a multipole series.
Expanding up to powers R~3, the interaction is written as

oY B el i Ll (e )R]’
= | IR IRP? 2 IR
rd — rP)?
_% + .. } , 7

where the k sum runs over all electrons of the acceptor, and
the j sum runs over all electrons in the donor. Introducing the

orientation factor
DA _ sDpA

KPA = — 3(é°R)(&*R), (8)

with the vectors & = II“

= (D) 171D
J

= (A] ) rplAY)
k

and assuming orthogonality of D and A states, one finds the
coupling matrix element of FRET theory

, the transition dipole moments

9

DAW/ ||”, |

yFRET _
IRP?

10)
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VERET features the characteristic R~ dependence of Forster
theory. Together with Eq. (1) this yields the rate of the Forster-
type excitation energy transfer.

III. A DIPOLE COUPLING SCHEME IN THE
TDDFT CONTEXT

The previously presented concept relies on using the states
|A) and | D). For the typical molecules of interest involving
tens to hundreds of electrons, the computational cost of
calculating these many-particle states with ab initio wave
function methods is prohibitive. (TD)DFT allows one to
determine the electronic structure of systems of that size, yet
again, the many-particle states are not accessible: Even if the
ultimate exchange-correlation functional were known, there
is no reason to believe that generally the Kohn-Sham Slater
determinant will be close to the true correlated wave function.
Therefore, a TDDFT scheme that is intended to investigate
the dipole coupling approximation that is inherent to Forster
theory must be based solely on the variable that is reliable in
(TD)DFT, namely the density. One way of how this can be
achieved is presented in the following.

The real-time formalism of TDDFT that we want to apply
is based on the time-dependent Kohn-Sham (KS) equations
[43,45,48,50]

a
la(pj(r’t):hKS(rat)wj(rat)a (11)

where hkg is the time-dependent KS Hamiltonian given by

v2
hgs(r,t) = _7 + VH(T, ) + Uxe(1,1) + Vexe (T, 7). (12)

The potential vex(r,7) represents all external contributions
(e.g., nuclei and a laser field). The electron interaction is taken
into account via the Hartree potential

n(r',0) )
vu[n](r,r) = r—r| | (13)
and the exchange-correlation (xc) potential vg.(r,?). Whereas
vy[n](r,t) is known explicitly as the functional derivative of
the classical Hartree energy

Euln] = 5 / neOnwsn s s (14)

Ir —r'|

the xc potential has to be approximated as its exact form is
unknown.

The real-time KS equations lend themselves very naturally
to a general and straightforward scheme for checking the
dipole coupling approximation that is at the heart of FRET:
One can explicitly implement the multipole expansion of
Forster into the TDDFT equations and compare the orbital
propagation with the multipole expansion to another one
without (i.e., with the usual full KS Hamiltonian). The details
of this strategy are explained in the following.

In accordance with the assumption of an appreciable spatial
separation of the D and A systems that is underlying FRET
theory, we divide the full density into a D and an A part. For
the sake of being as explicit in our notation as possible, we
assume in all of the following that the D and A densities
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N, dh, 05
nP(r) = O(-x) n(r)

R
nA(r) = O(x) n(r)

N°, d° Oy

-
x=0 X
FIG. 1. Donor and acceptor are separated by the distance R = |R|
and can thus be localized in the half-spaces with negative and positive
x coordinate, for the sake of an explicit notation. Each system
is characterized by its multipole moments N, d’ and Q;k, where
i = {D,A} labels the system, respectively. Distances with respect to
the center of D and A, respectively, are denoted by rP and r?.

are localized in the half spaces of negative and positive
x coordinates, respectively, as shown in Fig. 1

nP(r) =
n\(r) =

O(—x)n(r),
O(x)n(r),

5)

where ®(x) is the Heaviside step function.

As reviewed previously, Forster’s concept is based on using
the exact states for the separate molecules, but only taking the
classical (Hartree) interaction between the transition dipoles
of D and A into account for the intermolecular coupling.
Consequently, a TDDFT analog of Forster’s approach should
take all electron interaction effects into account [i.e., use
vy and the (unknown) exact vy.] within each molecule, but
use only the Hartree potential for the coupling between D
and A, and the latter only to low order in a multipole
expansion.

In the following we describe how this expansion can be
incorporated into a TDDFT scheme in practice, and we start
by noting that there are two possible paths to implement the
dipole coupling approximation for the Hartree coupling. The
first is to start with the Hartree energy of Eq. (14), perform
the multipole expansion, and then take the functional derivative
to obtain the potential. The second is to start from the Hartree
potential itself and perform the dipole approximation on the
level of Eq. (13).

Following the first route, the Hartree energy splits into three
components

n(r)nP(r')

drd’r’, (16)
Ir —r'|

Enln] = Eu[n®] + Enln®] + /

where the first two contributions separate in D and A, whereas
the third term contains the interaction between the D and
A systems. The expansion (7) is used in the third term on
the right-hand side (rhs) of Eq. (16) to obtain the Hartree
energy E{¢ in the dipole coupling approximation. Calculating
the functional derivative of Eq. (16) we use the functional

PHYSICAL REVIEW A 82, 012509 (2010)

chain rule to take the separation in D and A densities into
account

SEL[n® ,nA] 8n' (r')
vy[n](r) = ,zD:Af i) an(o) ar'. A7)

Consequently, the potential in the dipole coupling approx-
imation (superscript dd) as derived from the energy (thus
superscript index E) can be written as

v B [nP ) = (vnlnP]+ v ®Pn*1)O(—x)

+ (vuln™ + v A WP O W), (18)

where vy[nP™] is the Hartree potential of D(A) and

V%P [ AD) s the potential resulting from the third term of
Eq. (16) in the D(A) half-space. With the help of the multipole
moments of the D(A) density,

Ni — /ni(ri)d3ri, di — /rini(ri)d3ri,

]k /n (r )( r,i — riZSjk) a’*rt,

where i = D, A, the Forster potential that the donor density
generates in the half space of A (cf. Fig. 1) is

(19)

il NP (NPrA —d®)R  rAdP
[P = — — . 5
IR| IR| IR|
NP N o aa e \RiR
+7 Z (3rj ry —r 8jk) TE
Jok=1
3 D
wRiRe  3(Rr*)(RdP)
IV Rk
— . (20
+ 2 SRP R @
The corresponding potential vddE P[nA)(xP) is obtained from

Eq. (20) by interchanging the D and A superscripts and
replacing R by —R.

As an alternative to this derivation we can take the second
route. To this end we start directly at the level of the potential
and write the Hartree potential on the A side as

nA(r) , n°(xP)
vﬁ[nD,nA] = —|rA — & + / —|rA RO 3.D
21

This expression leads to another natural way of translating
Forster’s Hartree dipole coupling concept into a TDDFT
scheme: The contribution from the A density to the Hartree
potential in A’s own half space is taken into account fully,
whereas the contribution from the D density to the Hartree
potential in A’s half space [the second term on the rhs of
Eq. (21)] is expanded in analogy to Eq. (7). The latter leads to
the potential

b ALD] NP d°(r* +R) 23: Q% R; Ry
H " IrA+R|  |rA+RP? ~ 2Ir* + R’

(22)
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FIG. 2. (Color online) Comparison of the usual Hartree potential
vy[n] (black solid line) with the Hartree potentials vl’i‘i" [np,na] (red
dotted line) and vﬁdE [np,na] (blue dashed line). The potentials are
plotted along the axis that runs through the centers of the two sodium
dimers, while the position of the molecules is —10 and +10 bohr.

on the A side (where the superscript index v indicates that
we approximated the potential directly, not the energy as in
route 1). The corresponding potential on the D side is

NA O dP —R) | OHRR
ol DA = (r ) Z R Ry

[rP — R| IrP — R? = 2Ir> — R’
k=
(23)
Using these expressions instead of UI‘_lIdE’A and vI‘_lIdE’D in

Eq. (18) defines the potential vﬂd”.

Let us pause for a moment to compare the two routes. The
first one, starting from the energy, appears more natural if one
has in mind Forster’s original work, which was based on the
energy. However, the second one, directly using the potential,
seems to be more natural in the context of KS (TD)DFT in
which the potential is readily available. However, both are
valid translations of Forster’s concept into a real-time TDDFT
context, and it is thus not clear a priori which one should
be preferred. To get a better understanding of the differences
between UI‘_lIdE and vf_lld" we plot them in Fig. 2 for a transparent
example, a system of two sodium dimers [61] aligned in
parallel and separated by R = 20 a.u..

While Ufld" is rather similar to the full Hartree potential,
the potential vﬁdE is considerably too low in the central
region between the dimers and rises unphysically far away
from the dimers. This behavior can be traced back to the
fact that, in calculating vf_lldE, we always divide by powers
of the fixed R [see denominators of Eq. (20)] while the
numerators rise with growing distance r to the corresponding
molecule. In contrast, in potential vﬁd” the distance r enters
in the denominator. Therefore, vﬁd” decays with the growing
distance to the corresponding dimer. As this is the behavior
one naturally expects from a potential, we used vfld” in our
calculations [62].

PHYSICAL REVIEW A 82, 012509 (2010)

IV. REAL-TIME INVESTIGATION OF THE DIPOLE
COUPLING APPROXIMATION

Our focus so far was on the conceptual work of translating
Forster’s dipole coupling idea into the (TD)DFT context. For
using the scheme in practical calculations, we have to address
the question of which influences the approximation that is used
for the description of the xc effects will have.

The excitation spectrum of two identical molecules at a
separation large enough for the individual molecular densities
to not overlap can qualitatively be described as being similar to
the spectrum of a single molecule, but with possibly an ener-
getic splitting of the monomer excitations (Davydov splitting,
see Sec. V), and with additional charge-transfer excitations
from one monomer to the other that carry practically zero
oscillator strength.

It is a well known problem of many commonly used density
functionals, in particular (semi)local ones, that they seriously
underestimate the energy of charge-transfer excitations. In the
KS framework, this failure is closely related to the absence
of step-like structures in the xc potential that result from
discontinuities [63] in TDDFT, see Ref. [64] for a detailed
discussion. It has been shown that xc approximations using
a large fraction of exact exchange [39], or range-separated
hybrid functionals [65], or self-interaction corrections [66]
can describe charge transfer well. Using a functional that
accurately describes charge transfer is mandatory for an
accurate description of two monomers at close distance [67].

In the propagation setup the movement of charge is recorded
in real-time and this can be used to directly monitor for charge
transfer from one molecule to the other. This built-in warning
allows one to check against leaving the “large separation”
situation which was described in Sec. II and which is the focus
of interest here [68]. At large separation, the energy transfer
is completely dominated by the Hartree coupling. It remains
mandatory in any case that the xc functional approximation one
uses describes the excitation spectrum of the single molecules
with reasonable accuracy, as otherwise the time-dependent
density and transition dipoles will be incorrect.

Starting from two molecules at a large separation R and
decreasing the distance, our aim is to check when the dipole
coupling approximation breaks down. Our calculations are
performed with our real-time TDDFT extension [51,52] of
the real-space code PARSEC [69]. The two molecules are
placed in two different half-spaces of the real-space grid. All
investigations are performed in the so-called supermolecular
approach [70], where we consider D and A as a combined
system. To distinguish between a coupling of excited states
that fulfills the assumptions leading to expansion (7) and a
coupling that does not, we compare the time-dependent dipole
moments of D and A obtained by a DFT plus TDDFT run with
the full Hartree potential, to the ones obtained in a second run
using the potential vﬁd”. The dipole moments are calculated
using the D and A centers of density in the DFT ground state
as reference points.

Our proceeding is as follows: (1) determine the spectrum
of one single molecule, (2) choose the excitation of interest,
(3) perform a real-time TDDFT calculation using the full
Hartree potential with a short laser pulse as the initial
excitation, (4) repeat step (3) with vfld”, (5) compare the
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time-dependent dipole moments obtained in steps (3) and (4).
The laser pulse is added as an external potential during the first
steps of the real-time propagation only within the half-space
of D. The frequency, length, and shape of the pulse are tuned
to excite the system only in a narrow frequency band around
the excitation chosen in step (2). (See Appendix A for details.)
In the following we demonstrate the use of this approach
in calculations for dimers of Na, and C;HgO, respectively.
These systems are transparent enough to allow for a clear
explanation and demonstration of our concept and they are
established reference systems [36,71]. We employ the time-
dependent local density approximation (TDLDA) as it well
describes the excitations of Na, and C;HgO [72,73] that are of
interest in our study. The possible underestimation of charge-
transfer excitations that was discussed at the beginning of this
section is not of concern here as we are specifically interested in
the major excitations carrying dipole oscillator strength. These
are described well by TDLDA for the systems that we study.
We first investigate the coupling between two sodium
dimers with parallel alignment of the two Na, axes as a
function of the distance R between the two Na, molecules.
As the excitation of interest we choose the one that is at
2.1 eV in the Na, spectrum [71,72]. A typical time evolution of
the acceptor dipole moment is shown in Fig. 3. At the chosen
distance, R = 15 bohr, there are obvious deviations between
the time-dependent dipole moment that is obtained using the
full Hartree potential and the one that is obtained using vf,d".
The deviations are a manifestation of the breakdown of
the dipole coupling approximation at 15 bohr. A systematic
analysis of the deviations in the dipole moment at a range of
distances from 45 to 15 bohr is depicted in Fig. 4. Qualitatively,
we see in Fig. 4 three regimes: For very large distances (45
and 35 bohr) the differences vanish and one is clearly in the
dipole regime. At smaller distances (around 25 bohr in the

Thear/ 2
T

0.003 T . '

!
0.002

0.001

-0.001

-0.002

acceptor dipole moment [a.u.]

0003 0T 20 30 40 50 60 70 80

time [fs]

FIG. 3. (Color online) Acceptor dipole moment along the
Na, molecular axis, recorded as a function of time, for a system
of two Na, with a separation of R = 15 bohr. The time evolution was
calculated using the full Hartree potential (solid, red) and the potential
vﬁd“ (dotted, black). The coupling between D and A manifests itself
in the beat frequency wye, Of an oscillation between D and A
(cf. Sec. V). This beat frequency can be extracted from the A dipole
moment via @pear = 277/ Theat-
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FIG. 4. (Color online) Difference between the acceptor dipole
moments obtained in a calculation using the full Hartree potential
and another one using vf_l{l” for an Na, dimer, for different values of
R: 15 bohr (dot dashed, red), 25 bohr (dashed, blue), 35 bohr (dotted,

green) and 45 bohr (solid, black).

present example) one starts to observe deviations, and for yet
smaller distances (15 bohr) the dipole moments differ very
significantly during their time evolution—although the density
overlap is still small. Here the dipole approximation clearly
fails and higher multipoles are relevant.

The same effects are seen in the second example in which
we examine the coupling between two C7HgO molecules that
are aligned in parallel as depicted in Fig. 5. We again focus on
the lowest excitation with appreciable oscillator strength. The
dipole moment time evolution was calculated for a range of
distances from R = 40 bohr to R = 12 bohr, again using the
two different potentials as discussed previously. Characteristic
results (distances of 24 to 12 bohr) are shown in Fig. 6. The
differences at R = 12 bohr and R = 16 bohr significantly
exceed the differences at the larger separations. Therefore,
one can argue qualitatively that up to 16 bohr separation
one cannot speak of a Forster-type coupling. From 20 bohr
on, the differences in the dipole moment time evolution are
notably smaller and the Forster-type dipole approximation can
be considered valid [74].

As our analysis has so far focused on the total dipole
moments, it is rather general and the concept can

FIG. 5. (Color online) System of two C;H¢O molecules, where
the distance R is varied from 40 to 12 bohr.
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FIG. 6. (Color online) Difference of acceptor dipole moment in
a system of two C;HgO between a calculation using the full Hartree
potential and another one with the potential vf,d”. The molecules
are separated by 12 bohr (dot dashed, red), 16 bohr (dashed, blue),
20 bohr (dotted, green), and 24 bohr (solid, black).

straightforwardly be extended, e.g. to unequal dimers. Com-
paring characteristic features of the dipole moment evolution
obtained with full coupling and with dipole coupling, one can
assess the trust range of the dipole approximation.

If the excitations of interest have the special feature of
being rather well separated from all other excitations so that
one can think about the coupling as a coupling in a two-
level system, then one can also determine the coupling matrix
element quantitatively from the TDDFT calculation—despite
the fact that one does not explicitly know the states in TDDFT.
This is the topic of the next section.

V. EXTRACTING THE COUPLING MATRIX ELEMENT
FROM A REAL-TIME PROPAGATION

A coupling matrix element of type (2) enters the energy
transfer rate (1), and it is a close-lying question whether and
how it can be evaluated. In principle, one could calculate the
initial and final states and evaluate Eq. (2) directly. However,
as discussed previously, the states are hard to compute from
first principles and there is no rigorous reason to identify the
KS Slater determinant with the true wave function. Therefore,
if one wants to stay on the safe formal grounds of (TD)DFT
by not using the KS Slater determinant as an approximation to
the true wave function, one has to think about alternative ways
to determine the coupling matrix element.

The Davydov splitting [75-77] is such an alternative
[34-39,41]. In the case of two equal molecules, the Davy-
dov splitting AQ2 equals the energy splitting AE of the
(nearly) degenerate excitation energies of the monomers in the
supermolecule [34,36,37,39]. In the discussed situation A2 is
proportional to the coupling matrix element (2)

_AQ
=t

This observation can be exploited in TDDFT by calculating
the spectrum [50,78-80] and deducing the coupling matrix

Vv (24)
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element from the energy splitting. In the real-time approach
to TDDFT spectra are usually determined by initially exciting
the system with a momentum boost [45,81], propagating the
time-dependent KS equations [82] using the dipole moment
as observable, and calculating the dipole spectrum via a
Fourier transformation [81]. As the energy splitting is typically
much smaller than the excitation energies themselves, high
resolution and thus comparably long propagation times are
needed to resolve the splitting.

Therefore, we consider an alternative way of extracting the
relevant information by observing the D and A dipole moments
separately. It considerably reduces the computational load. We
note that the Davydov splitting A2 and consequently also the
coupling matrix element V manifests itself as a frequency
Wheat 1N the time-dependent D (and A) dipole moment. This
frequency can be extracted as a beat frequency wpey Of an
oscillation between D and A. (See Appendix B for details.)
From it one obtains

V = Wpear- (25)

Apart from the beat the dipole moment of the system oscillates
only at frequencies close to the laser frequency that was used
for the excitation. Hence the beat frequency can be determined
easily from the D and A dipole moments (see Fig. 3). The
essential observation now is that for doing so, the dipole
moment time evolution only has to be recorded long enough
to capture one half cycle of the beat. This is a much shorter
time than the time needed to obtain an accurate spectrum from
the Fourier transformation. Thus, the coupling strength can be
determined with moderate simulation times.

We used this approach to determine the coupling of the
lowest excitation of the two sodium dimers. Figure 7 shows
the thus obtained distance dependence of the coupling matrix
element. One observes significant differences from the dipole
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FIG. 7. (Color online) Coupling matrix element between the
excited states at 2.1 eV of two Na, versus the dimer separation.
Red crosses show the results from our real-time and real-space
implementation. As a guide to the eye we plotted a dotted line
with slope —3 which corresponds to a Forster-type coupling. As
a confirmation of our implementation we also report results that we
obtained using linear response TDDFT from a commercial program
package [83-85] (black crosses).
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coupling behavior for distances below 20 bohr. Above 25 bohr
the coupling falls with the expected 1/R~3 dependence.

As a test of our real-time and real-space implementation
we followed Ref. [39] and computed linear response TDDFT
spectra for a couple of dimer distances with the TURBOMOLE
package [83-85] using the local density approximation and
Fully Optimized Contracted Gaussian Basis Sets of Triple
Zeta Valence Quality (def2-TZVP) [86]. The coupling matrix
elements (see Fig. 7) are calculated according to Eq. (24)
exploiting the Davydov splitting. The agreement between the
two methods is very good and the observed small differences
can be attributed to technical differences such as the use of
pseudopotentials and basis sets versus real space.

For putting our findings into perspective one should
compare the distance of 25 bohr to the bond length of the
sodium dimer, which is 5.78 bohr. The ratio of the extension of
the molecular systems to their separation indicates that one has
to be careful in relying on the dipole coupling approximation
for extended systems that are not very far apart.

VI. CONCLUSION

We have presented a qualitative and a quantitative scheme
for investigating the coupling behavior of two molecules
within the real-time approach to TDDFT. The approach allows
one to distinguish between a Forster-type dipole coupling and
a non-dipole coupling on very general grounds. If the coupled
excitations that are of interest can be considered as a two-level
system (i.e., large energetic separation from other excitations),
then the coupling matrix element can be determined efficiently
in the real-time scheme by evaluating the Davydov splitting
from a beat frequency.

Already the small molecules investigated in this manuscript
show notable deviations from the Forster-type dipole coupling
at moderate distances. For larger molecules such as typically
used for spectroscopic labeling or in molecular electronics,
the question at which distances FRET can be relied on is
thus of great significance. Theoretical tools such as the one
discussed here can play an important role, as they enable us to
check whether the FRET dipole coupling approximation can
be applied or not.
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APPENDIX A: EXCITATION WITH A LASER PULSE

Here we briefly explain how we excite the system by a
laser pulse in the real-time investigation of the dipole coupling

PHYSICAL REVIEW A 82, 012509 (2010)

approximation in Sec. IV. The laser acts as a time-dependent
external potential in dipole approximation

E (1) = Eeny(1) sin(w 1), (AD)

where E.,(¢) is the pulse envelope. The frequency w; of
the pulse was chosen to equal the excitation energy we were
interested in. We used the envelope Eeny(f) = Emax sinz(’;—’)
as this form leads to a Fourier spectrum in which the side
maxima are much lower than the main peak (typically the
height of the first side maximum is less than 3% of the
height of the main peak). The length 7; of the pulse is
tuned by comparing the Fourier spectrum of the pulse with
the excitation spectrum of the molecule: 77 was chosen such
that the first side maximum of the pulse’s spectrum lay
closer to the pulse’s main frequency than the neighboring
peak in the molecule’s excitation spectrum. In all cases we
investigated, the excitations of the single molecules were
sufficiently separated from each other to dominantly excite
just one excited state of the system. This could be verified
from the time-dependent dipole signal.

APPENDIX B: BEAT OSCILLATION IN THE
TIME-DEPENDENT ACCEPTOR DIPOLE MOMENT

In this Appendix we briefly explain why wye, can be
extracted from the dipole moment. We start by noting that
Eg. (24) is derived in a two-state model [35,36], where
|[D*A) and |DA*) are a pair of resonant states. The time
evolution

(W) = a1 ()| D¥A) + ax(1) DA*), (BI)
of the two-state system with initial state |¥(0)) = |L§?“/A) is
given by the coefficients a;(¢) and a,(¢) [87]

lai () = cos* (V1)

B2
laa(1)]? = sin®(V1). (B2)

The coefficients oscillate with the beat frequency wpeq, see
Eq. (25). The corresponding time-dependent dipole moment
d*() = (¥ (@)|r*|¥(z)) on the A side can be calculated as

(B3)

where we exploited the orthogonality of |D) and |D*). If the
static dipole moment (A|r*|A) of A vanishes, (B3) simplifies
to

d* (1) = lai (O (AIXA) + |aa () (A* PP AF),

d*(1) = laa(n)]* (A*[r* A*). (B4)

Therefore, the resonance oscillation of the coefficients can
be observed in the time evolution of the dipole moment d* ().
Both Egs. (B3) and (B4) can be used to determine the coupling
matrix element V via the beat frequency (25).
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sive for the correct description of the response.






PRL 108, 146401 (2012)

PHYSICAL REVIEW LETTERS

week ending
6 APRIL 2012

Kohn-Sham Self-Interaction Correction in Real Time

D. Hofmann, T. Korzdorfer, and S. Kiimmel

Theoretical Physics 1V, University of Bayreuth, D-95440 Bayreuth, Germany
(Received 9 November 2011; published 2 April 2012)

We present a solution scheme for the time-dependent Kohn-Sham self-interaction correction. Based on
the generalized optimized effective potential approach, the multiplicative Kohn-Sham potential is
constructed in real time and real space for the self-interaction corrected local density approximation.
Excitations of different character, including charge-transfer excitations that had been regarded as prime
examples for the failure of standard time-dependent density functionals, are described correctly by this
approach. We analyze the time-dependent exchange-correlation potential and density, revealing features
that are decisive for the correct description of the response.

DOI: 10.1103/PhysRevLett.108.146401

In the rapidly evolving fields of nano science and mo-
lecular electronics, progress has been fueled by the inter-
play between experiment and first principles calculations.
Time-dependent density functional theory (TDDFT) has
emerged as one of the most powerful and most frequently
used theories for calculating electronic excitations.
TDDFT’s success rests on its excellent ratio between ac-
curacy and computational cost, allowing us to predict and
understand electron dynamics in systems of experimen-
tally relevant complexity [1,2]. However, the many great
successes of TDDFT based on commonly used exchange-
correlation (xc) approximations such as the time-
dependent adiabatic local density approximation
(TD-LDA) or global hybrid functionals are overshadowed
by serious and systematic failures. Excitations that involve
orbitals that experience the long-range behavior of the
Kohn-Sham (KS) potential, excitonic excitations, and ex-
citations of charge-transfer (CT) character are in error even
qualitatively when calculated with commonly used xc
functionals. In particular, the failure to describe CT exci-
tations is a very serious limitation, as it precludes TDDFT’s
use in many of the most exciting areas of nano science such
as light harvesting [3] and transport [2].

The source of these failures is well understood, as the
time-dependent xc potential of functionals such as the TD-
LDA is qualitatively wrong in several ways. It has no
memory—i.e., vy (r, ) does not depend on the density
n(r, t') for ' =t [4,5]—it does not show the proper 1/r
asymptotic decay, and it lacks the steplike structures that
reflect particle number discontinuities [6,7]. The close
relation between the latter and the proper description of
charge transfer has repeatedly been stressed [2,8—10] and
points to the ultimate origin of the problem: The absence or
existence of a physically meaningful particle number dis-
continuity is closely tied to electronic self-interaction or its
absence, respectively [11].

Based on this insight, it appears very natural to
generalize the idea of a self-interaction correction (SIC)
from ground-state DFT [12], where it typically is
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written in the form EYC[ny, nj] = EXPA[ny, ny] —
>oil Zf’:"l (Eyln;,] + Ex[ni,, 0]), to the TD case.
Here, Ey and E,_ are Hartree and xc energy, respectively,
and N, occupied orbitals {¢;,} define n;, = |¢;,|> and
Ny = ZZV:”I n;,. TD-SIC schemes have been developed
successfully in the past [13—16] and are straightforward,
in principle: The orbital-specific potentials uy;,(r, 1) =
v3IC(r, 1)/ @7, (r, 1), where

Jjo

SEx Hewr]

6¢j0’(ry t)

Jo

(1

are evaluated with the time-dependent orbitals obtained
from propagation and then are used either as separate,
orbital-specific potentials [16] or as ingredients to con-
struct the TD Krieger-Li-lafrate (KLI) approximation to
the optimized effective potential (OEP) [13-15]. TD-SIC
has many attractive features: It is parameter-free, nonem-
pirical, and driven by the clear physical concept of relating
orbitals and electrons [17], which is approximate but in
practice very powerful [18,19].

However, SIC also has quite problematic aspects. As
integrating the full TD-OEP equation is possible but very
demanding already in one spatial dimension [20], and as a
generally applicable, three-dimensional TD-OEP scheme
is missing [21], KS TD-SIC calculations so far relied on
the KLI or even Slater approximations. However, there are
systems for which these approaches violate the zero-force
theorem seriously enough to prevent a stable propagation
[22]. Worse yet, comparison of OEP and KLI calculations
for SIC revealed that already the KLI ground-state elec-
tronic structure can be seriously in error [23]. These prob-
lems may be less relevant for atoms and small molecules in
very strong external fields, i.e., the situations that were
mostly studied with TD-SIC so far. However, they preclude
the use of KLI TD-SIC for more general cases and, in
particular, for the CT problem. The problems can be
sidestepped by using TD-SIC in a non-KS way with

© 2012 American Physical Society
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orbital-specific potentials, yet such approaches have their
own set of challenges [16].

In this work, we focus on the KS realization of TD-SIC.
By explicitly taking into account the unitary variance of the
SIC expression via the generalized OEP (GOEP) formal-
ism [17], we arrive at an accurate KS TD-SIC scheme.
We demonstrate that excitations of different character—
from the collective response of small metal particles, to
excitations that have been described as excitonic, up to
challenging CT excitations—are described reliably by KS
TD-SIC. Working with the KS potential not only allows us
to exploit technical advantages and thus apply TD-SIC to
systems of a complexity that was out of the range of
previous TD-SIC schemes, it also enables us to transpar-
ently analyze the time-dependent response: The TD xc
potential in CT systems develops a pronounced field-
counteracting behavior and exhibits a complicated re-
sponse at high frequencies. By analysis of transition den-
sities, we show that KS TD-SIC puts the response peaks at
the appropriate energies and represents the correct excita-
tion structure.

The fact that SIC is not unitarily invariant [12] has been
regarded as a weakness of SIC. Yet this weakness can be
turned into a strength. We first explain the idea in words
and then detail the approach with equations.

The well known problems with propagations using the
usual KLI approximation [16,22] are ultimately a conse-
quence of the KLI potential not being a functional deriva-
tive; i.e., the KLI solution is not variationally stable.
However, for unitarily variant functionals such as SIC, an
additional degree of freedom can be exploited to increase
the stability of the propagation. As different sets of orbitals
can yield the same density but different SIC energies, there
is more than one way to construct a rigorous KS SIC
potential. As has previously been explained for the
ground-state case [17], the most general KS approach for
unitarily variant functionals includes a unitary transforma-
tion among the occupied orbitals into the chain rule deri-
vation of the OEP. This leads to the GOEP equation. By
taking the usual steps [24,25], the GOEP can straightfor-
wardly be extended to TD situations. Thus also the gener-
alized KLI (GKLI) approximation is readily extended to
TD-GKLI. The crucial advantage here is that, for the SIC,
GKLI is a much better approximation to the GOEP than the
usual KLI is to the usual OEP. This is a consequence of the
additional minimizing step via the unitary transformation.
The quality of the GKLI potential has been confirmed for
the ground state [17,18], and the advantages of the gener-
alized approach directly carry over to the TD case. Thus,
although the GKLI is still an approximation, it is so close
to the GOEP that for our practical purposes it is not a
limitation. However, obtaining a sufficiently stable numeri-
cal propagation depends on performing all steps in the
propagation and, in particular, the unitary rotation very
accurately, as described in the following.

The usual TD-KLI potential [21,24] is defined by

VI, 1) =

1 [&
2n,(r, 1) {Z 1o (6, Dty (1, 1)
a\b j=1

+ [0S — axcj(,<z>]}} tee, @)

where a bar denotes an orbital average, e.g., U,5,>'(r) =

[ 5., Dvi S (r, 1)@, (x, 1)d r. Equation (2) goes over
into the TD-GKLI by replacing all orbital-specific poten-
tials u,.j, by the generalized orbital-specific potentials

Z Uioscen. ()

XCJ(T(r t)

Here, #$I€ is defined in analogy to Eq. (1) but evaluated for
the set of orbitals {®;,} that is obtained from the occupied
KS orbitals {¢,} by

No
¢ io’(r’ t) = Z U;;(t)goj,,(r, [): (4)
j=1

where the unitary transformation U"(t) is determined at

each time step to minimize the instantaneous SIC energy.
This criterion is fulfilled when the equations

3, 1) Ty (1 1)

Pip(r, 1) &j,(r 1)

(@ig(r, 1) |¢,,(r,))y=0 V1t

®)

are satisfied [26] for all occupied orbitals. For a given set of
{¢js}, Uf; can be found iteratively [27]. Such a TD-SIC
calculation thus proceeds by propagating the KS orbitals a
finite step A¢ (starting from the ground state), then deter-
mining the unitary transformation according to Eq. (5), and
finally calculating the new xc potential from Eq. (2) with
Uyjs replaced by uxcjg from Eq. (3). For clear spectral
signals in the linear response that is of interest here, this
sequence has to be repeated until ca. 40 fm s of propagation
time are completed after an initial boost.

The approach thus appears like a straightforward exten-
sion of the ground-state concept to the time domain.
However, a huge challenge is hidden in the above descrip-
tion. Stability of the propagation hinges crucially on the
accuracy with which the transformation of Eq. (4) can be
calculated, because the latter contributes decisively to
keeping the propagation in the variationally stable regime.
Calculating UY; is already expensive for ground-state situ-
ations [26,27]. Yet, the general KS TD-SIC that we aim at
should be applicable to systems with tens of orbitals for
many ten thousands of time steps, at each of which Egs. (4)
and (5) must be solved. The situation is further compli-
cated by the finding that Uf;(z + A7) is not well approxi-

mated by Uf;(7). Therefore, using the known ground-state
algorithms [26 27] for solving Egs. (4) and (5) with the
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accuracy that is needed for the TD case would basically
render KS TD-SIC useless for larger and complex systems.
This problem can be overcome by realizing that the nu-
merical effort for iteratively finding the unitary transfor-
mation at time ¢ can be significantly reduced by using the
ground-state KS eigenvalues ¢ to generate an initial guess

Uz = e"SJ‘AfU;;(t — Ap). (6)

Here, we take into account the transformation from the
previous time step and the phase factors that the KS
orbitals would acquire if the Hamiltonian were time-
independent. By using this algorithm, KS TD-SIC be-
comes applicable to systems of a size and complexity
that has not been reached with previous TD-SIC schemes.

As a first test, we checked the stability of the propaga-
tion for the Nas cluster, which is established as a difficult
system for obtaining a stable propagation [22,27], e.g.,
showing serious instabilities for the x-only KLI potential
and yet worse instabilities for regular KLLI TD-SIC. We
find the two lowest pronounced excitation peaks at 2.0 and
2.2 eV. For this as well as for all other systems discussed
below, the desired spectral resolution is achieved without
being compromised by propagation instabilities.

Turning to systems that are physically more interesting,
we next investigate small hydrogenated Si clusters. These
are known for being only poorly described by the TD-
LDA, and it has been argued that an accurate description
of excitonic effects as, e.g., obtained from the Bethe-
Salpeter equation (GW-BSE), is needed. For SiH, and
Si,Hg several GW-BSE reference calculations are avail-
able [28-30]. The left part of Fig. 1 shows the square root
of our dipole power spectrum [31], i.e., peaks reflect
excitation energies for TD-LDA and KS TD-SIC. Black
lines visualize the position of the GW-BSE excitation
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FIG. 1 (color online). Left: Peaks denote excitation energies in
TD-LDA (top) and KS TD-SIC (bottom) for SiHy; black vertical
lines indicate GW-BSE excitation energies. Right: Comparison
of TD-LDA and KS TD-SIC spectra for the 4-(N,N-dimethyla-
mino)benzonitrile molecule; transition densities (bottom) con-
firm that the character of the CT excitation is similar for both.

energies [28-30,32]. Whereas the TD-LDA spectrum
does not resemble the GW-BSE results at all, the KS TD-
SIC excitation energies do and are well within the uncer-
tainty limits that the GW-BSE calculations themselves
have [32]. Also for Si,Hg the KS TD-SIC excitations at
7.8 and 9.1 eV compare favorably to the GW-BSE excita-
tions at 7.6 and 9.0 eV [28].

Finally, we turn our attention to the most interesting test
cases: the CT systems. It has been shown that range-
separated hybrids implemented in the non-KS way can
describe CT excitations [33-36] but at the cost of introduc-
ing fit parameters that can lead to failures in nonstandard
situations [36] or tuned parameters that render the func-
tionals non-size-consistent [35,36]. An improvement of
long-range CT excitations can typically also be achieved
by a hybrid mixing with large amounts of exact exchange
yet at the cost of reducing accuracy for more local excita-
tions. KS TD-SIC is size-consistent and parameter-free.
These are strong advantages from a fundamental perspec-
tive. However, in the light of the above, two issues that are
important for practical purposes must be checked: Does KS
TD-SIC describe long-range CT accurately, and does it not
spoil accuracy for more short-ranged excitations?

We first address the latter question by studying a para-
digm case. In the 4-(N,N-dimethylamino)benzonitrile
molecule [37], a local excitation that is seen experimen-
tally at 4.25 eV and an excitation that has been classified as
being of short-range CT character [38] at 4.56 eV are
described with moderate but acceptable accuracy by stan-
dard functionals. The time-dependent Perdew-Burke-
Ernzerhof generalized gradient approximation, e.g., yields
excitations at 4.02 and 4.30 eV [37], respectively. Here, KS
TD-SIC, if it works properly, should not ruin the accuracy
achieved at the local xc level. The right part of Fig. 1 shows
in the upper half the excitation spectrum obtained in TD-
LDA and KS TD-SIC. Both spectra show two peaks in the
relevant range: a rather small one reflecting the local
excitation and a higher one reflecting the CT. KS TD-SIC
shifts the 3.9 and 4.2 eV TD-LDA peaks to 4.1 and 4.4 eV,
respectively. Thus, the KS TD-SIC not only does not spoil
the local xc accuracy but improves agreement with experi-
ment further.

One may wonder whether KS TD-SIC really describes
the correct physics beyond just yielding reasonably look-
ing energies. It is known that the character of the CT
excitation in 4-(N,N-dimethylamino)benzonitrile is cor-
rectly described by local xc functionals, and it is desirable
to check whether KS TD-SIC preserves this feature. At first
sight, one may think that this is impossible in the real-time
approach, because the propagation does not yield an ex-
citation’s decomposition into orbital transitions as in ex-
plicit linear response [4]. However, we can analyze the
transition density

po(r) * —Im{Sn(r, »)} )
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FIG. 2 (color online).
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Left: TD-LDA and KS TD-SIC spectrum of the dipeptide and KS TD-SIC CT transition density. Small inset:

The orbital product @3Syo(r) @i 0 (r) approximates the transition density well and shows the CT character. Right: Snapshots of

external, TD-LDA xc, and TD-SIC xc potential.

by taking the Fourier transform &n(r, w) of the time-
dependent density fluctuations &n(r, 1) = n(r, ) — n(r, 0)
[39]. The transition densities evaluated at the respective CT
frequencies are shown in Fig. 1. KS TD-SIC clearly pre-
serves the character correctly.

Having seen the accuracy for short-range CT excitations,
we proceed to investigating long-range CT, again using a
paradigm test case. The dipeptide molecule has become a
benchmark for the description of CT and a hallmark ex-
ample for the severe failure of usual TDDFT [37,40,41]. It
is known [41] that the dipeptide in addition to lower local
excitations shows a clear CT excitation from one peptide
to the other at 7.18 eV (complete active space perturbation
theory of second order reference). This excitation is
badly underestimated by ca. 2 eV by (semi)local xc func-
tionals [41].

Identifying this CT excitation in the spectra from real-
time calculations (left part of Fig. 2) is possible with the
help of the transition density. In an orbital picture the CT
excitation would correspond to a highest occupied molecu-
lar orbital—lowest unoccupied molecular orbital transition
(if the SIC orbital ordering is used). The upper inset in the
left part of Fig. 2 shows these orbitals and their product.
The latter would correspond to the transition density for an
idealized transition between static orbitals. We compare it
to the true p,,(r) that we calculated from the TD density
[Eq. (7)] for all peaks in the spectrum up to 8 eV. There is
unambiguously one p,,(r) that corresponds to the highest
occupied molecular orbital—lowest unoccupied molecular
orbital CT picture: In KS TD-SIC it appears at 7.2 eV (blue
arrow in Fig. 2) and in TD-LDA at 5.2 eV (red arrow).
Thus, we have identified the CT excitation and see that KS
TD-SIC yields a very realistic CT energy.

Taking advantage of working with a local potential, we
can analyze v,.(r, ) to reveal the reason for this success.
The right half of Fig. 2 shows snapshots of the external
potential v (r, 1), vIPTPA(r, 1), and vIPSIC(r, 1) of the
dipeptide at + = 5.2 fms during a sinusoidal dipole exci-
tation with 0.2 eV. There is a striking difference: TD-LDA

works with the external field, and KS TD-SIC works
against it. The TD field-counteracting behavior of
vID-SIC explains why KS TD-SIC correctly shifts the CT
excitations to higher energies, while CT is too easy in TD-
LDA. For stronger excitations (not shown in the plot for
clarity), TD-LDA still shows its simple behavior, and
vIP-SIC develops additional structures that depend on ex-
citation details and may reflect nonadiabatic effects.

It has also been shown that SIC can benefit from spin-
symmetry breaking which may effectively model long-
range correlation [42,43]. In cases of broken spin symme-
try, the role or need of step structures in v, is unclear.
However, in the cases studied here, spin symmetry is not
broken and the step structures in v,, are decisive.
Revealing in detail how such features and the fractional
particle number concept are linked to the unitary trans-
formation of the GOEP, possibly identifying nonadiabatic
effects by comparison with the adiabatically exact approxi-
mation [44], and possibly identifying semilocal mecha-
nisms for modeling step structures [45] are worthwhile
tasks for future work.

In summary, TD Kohn-Sham SIC based on the GOEP
reliably describes excitations of very different character,
from typical local excitations, over excitations that have
been described as excitonic, up to challenging charge-
transfer excitations. Analysis of the TD xc potential
showed that TD-SIC leads to qualitatively new features
such as a TD field-counteracting term that is absent in local
functionals. KS TD-SIC thus appears as a promising,
parameter-free approach for calculating excitations from
first principles.

Financial support by DFG, GRK 1640 (S.K.), the GIF
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ABSTRACT

The Perdew-Zunger self-interaction correction (SIC) to local and semilocal density function-
als systematically underestimates molecular bond lengths, yet improves many other ground-
state properties. An alternative definition of a SIC is reached by using the Perdew-Zunger
energy with a global, multiplicative Kohn-Sham potential instead of the orbital-specific po-
tentials of traditional SIC. Due to the unitary variance of the SIC energy, the most gen-
eral construction of the SIC Kohn-Sham potential involves a unitary transformation of the
Kohn-Sham orbitals. We systematically investigate the Kohn-Sham version of the SIC, in
particular with respect to the bond-length question, and present a detailed analysis of the
influence of different unitary transformations. Using a complex-valued energy-minimizing
transformation appears to be the most favorable approach, and we explain this result by
analyzing orbital densities. We discuss how to calculate the transformations efficiently.
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The Perdew-Zunger self-interaction correction (SIC) to local and semilocal density functionals systematically
underestimates molecular bond lengths, yet improves many other ground-state properties. An alternative definition
of a SIC is reached by using the Perdew-Zunger energy with a global, multiplicative Kohn-Sham potential
instead of the orbital-specific potentials of traditional SIC. Due to the unitary variance of the SIC energy, the
most general construction of the SIC Kohn-Sham potential involves a unitary transformation of the Kohn-Sham
orbitals. We systematically investigate the Kohn-Sham version of the SIC, in particular with respect to the
bond-length question, and present a detailed analysis of the influence of different unitary transformations. Using
a complex-valued energy-minimizing transformation appears to be the most favorable approach, and we explain
this result by analyzing orbital densities. We discuss how to calculate the transformations efficiently.
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I. INTRODUCTION

Numerous applications of density functional theory (DFT)
during the past decades document its power in predicting
ground-state properties of atoms, molecules, and other large-
scale many-particle systems at a reasonable computational
cost. However, DFT using local or semilocal density func-
tionals is also well known for some notorious failures [1-23]:
wrong prediction of dissociation limits [6,7] and chemical
reaction barriers [8,9], as well as missing Rydberg series
and instability of anions [10,11]. Standard functionals tend
to overestimate charge-transfer properties, as, for example,
polarizabilities of molecular chains [12,13,24-27] and charge
transport in molecular devices [14—16]. Moreover, local and
semilocal DFT show deficiencies with regard to electron
localization effects in transition metals and their oxides
[17-20] and molecular semiconductors [21-23].

These shortcomings do not come as a surprise if one keeps
in mind that the reliability of DFT in predicting ground-
state properties strongly depends on the quality of the used
exchange-correlation (xc) density functional. The previously
mentioned drawbacks of commonly used xc functional ap-
proximations are frequently ascribed to the self-interaction
error (SIE) of such density functionals. Getting a handle on
the SIE is considered as one promising route to improve the
performance of approximate functionals. Therefore, the desire
to find a correction scheme to this error and assess its predictive
power in many-particle systems is great.

Correction of the SIE, however, is not a unique concept,
as many different approaches to self-interaction correction
(SIC) have been proposed [ 1,28-39]. The first well-established
correction scheme is the SIC introduced by Perdew and Zunger
(PZ) [1]:

ExClngnl = E@®ng ]
No

= > > (Enlnjol + E¥[njo.01). (1)
o=t j=1

Here, Ey is the Hartree energy, orbital densities 7, (r) can
be calculated from the N, occupied orbitals ¢, (r) accord-
ing to nj,(r) = |<pj(,(r)|2, and spin densities are defined as
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Ny = Z;V;l nj,. The PZ correction can be applied to any
arbitrary xc functional approximation EXP [n4,n,]. Inpractice,
the first PZ SIC calculations were performed by direct
minimization of the energy functional with respect to the
orbitals. This results in a set of single-particle Schrodinger
equations with an orbital-specific potential.

Within the framework of the traditional PZ approach, a
variety of comprehensive studies on ground-state properties
are available [1,40-47]. It is a general finding that PZ SIC is
capable of improving ground-state properties if it is built on
top of the local spin-density approximation (LSDA). Vydrov
et al. [45] showed the advantages of self-interaction corrected
LSDA (LSDA-SIC) explicitly for total energies of atoms,
atomization energies, barrier heights of chemical reactions,
ionization potentials, and electron affinities. In contrast, PZ
SIC of semilocal functionals such as generalized gradient
approximations (GGAs) tends to be more unfavorable, since
mean deviations from experiment for representative test sets
have a tendency to be larger for the corrected functional than
for its uncorrected version [44,45].

However, new insights into the SIC have emerged recently
from different perspectives. On the one hand, the generalized
optimized effective potential (GOEP) equation [4] makes it
possible to bring the SIC functional rigorously under the
Kohn-Sham umbrella while explicitly taking into account
the unitary variance of the energy expression by a unitary
transformation in the space of occupied orbitals. This can
be seen as the formal Kohn-Sham foundation of earlier
works that combined a global SIC potential with localizing
transformations [31,32]. On the other hand, using complex
orbitals in the unitary transformation has appeared as a
necessity [47,48]. Accurate time-dependent SIC calculations,
in which the orbitals become complex due to the propagation,
revealed that also the ground state must be calculated with
complex orbitals because otherwise one observes a sudden
decrease of the energy even in a stationary propagation [48].
Focusing on ground-state properties a detailed study [47]
recently included complex unitary transformations in the PZ
SIC. It was shown that this procedure yields total energies
and highest occupied orbital eigenvalues for atoms from

©2012 American Physical Society
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H to Ar in better agreement with experiment than those
obtained using real orbitals if the SIC is applied to the Perdew,
Burke, and Ernzerhof (PBE) functional [49] (PBE-SIC) [47].
Thus, the performance of the SIC in ground-state calculations
must clearly be re-evaluated under several points of view:
How different is GOEP SIC, which is formally a different
density functional, in practice from traditional Perdew-Zunger
SIC? How do SIC results change when complex- instead of
real-valued unitary transformations are used? Was the earlier
reported finding of the poor performance of PBE-SIC generally
just a consequence of the restriction to real-valued orbital
transformations?

In this paper we address these questions. We are, in
particular, investigating molecular bond lengths, as these
represent a well-examined paradigm example of a ground-state
property where PZ LSDA-SIC is inferior to bare LSDA
[40,41,45]. Bare LSDA bond lengths are in astonishingly good
agreement with the experiment, with errors of typically less
than 0.05 bohrs [50]. As a general trend LSDA slightly overes-
timates bonds between hydrogen and main-group elements and
underestimates bonds between nonhydrogens [50]. Looking at
a GGA one notes that the PBE, for example, is known to have a
slight tendency to overestimate bond lengths, while PBE-SIC,
in general, yields too-short bonds [45]. However, to the best
of our knowledge, all SIC-related bond-length investigations
focused on the PZ SIC implementation with orbital-specific
potentials and no information is available for (G)OEP SIC.

With this paper we start filling this gap. To this end, we first
discuss the peculiarities of the theoretical concept of SIC in
KS DFT. We give an overview of SIC in the standard KS and
the GOEP KS method and describe three different choices of
the unitary transformation that is part of the scheme. More
insight into the practical implementation of our algorithm
for the determination of the corresponding transformations
is given in Appendix B. On this theoretical basis we then
investigate the influence of different SIC approaches and
unitary transformation choices on total energies and bond
lengths of a test set of dimers and small molecules that covers
different bonding situations. We employ the SIC for both the
LSDA and the PBE functional. A comparison and assessment
of the total energies and bond lengths shows that real and
complex transformations lead to different results: Complex
transformations give lower total energies than real ones and
improve bond lengths of double- and triple-bond systems.
Finally, we provide insight into these differences by analyzing
the orbital densities obtained from the different approaches.

II. KOHN-SHAM SELF-INTERACTION CORRECTION

From a Kohn-Sham [51] DFT perspective, implementation
of the SIC of Perdew and Zunger is far from trivial. First,
one has to deal with a functional that depends on the orbitals
explicitly and therefore is only an implicit functional of
the density. In KS DFT, such explicit, orbital-dependent
functionals can be handled by the OEP method [2,3]. Second,
the SIC energy functional of Eq. (1) is not invariant under
unitary transformation of the orbitals. This means that starting
from a given set of occupied orbitals one can construct further
orbital sets by unitary transformations that give the same
density but result in different SICs. The GOEP scheme [4]

PHYSICAL REVIEW A 85, 062514 (2012)

takes this ambiguity into account by considering the freedom
of unitary transformations in the space of occupied orbitals
in the derivation of the OEP equation. The generalization
manifests itself in the existence of two sets of orbitals [4],
where the occupied canonical KS orbitals {¢;,(r)} solve the
KS equations and a second orbital set {@;,(r)} is used to set
up the SIC xc energy and the corresponding potential. Both
orbital sets are connected by a unitary transformation Ujj,
according to

Noy
D Uijo9jo(r). )

j=1

Pio(r) =

Note that for our investigations we always choose real
canonical KS orbitals {¢;,(r)} without loss of generality.

To take the unitary transformation into account in the GOEP
method one has to add an additional step in the derivation of
the OEP potential by virtue of the functional chain rule (for
details, see Ref. [4]). This leads to the generalized OEP integral
equation, where, compared to the standard OEP equation,
the orbital-specific potentials uy;,(r) are replaced with the
generalized orbital-specific potentials,

Uy i, (r) = § Uijo @i (1) 55 (r), 3)
w,a()
where
sic OB Uik}l
L e S N @

Reference [4] shows that solutions of the GOEP equation
can be obtained with well-known methods invented for the
standard OEP case. Yet, finding solutions can be a numerically
expensive task. Therefore, often the approximation of Krieger,
Lee, and Iafrate [52] is used, where ¢ j, (r) has to be replaced
by the generalized uS . (r) to obtain the generalized KLI
(GKLI) potential,

Xcjo

GKLI GSL
xcrr (l') - vXco’ (l') +

1 &
TS ; njo(r)
x (35" — o) + ] &)
Here, the orbital-density averaged potentials are given by
Ueje = / &r ¢, VG 00 (1) (©)
and
B jo = / &r @, (DU 1o (D956 (1). (7)

The first term of Eq. (5) is the generalized Slater contribution

GSL( ) —

XCU O_( )

whereas the second term is the response potential with the
GKLI _ =G
characteristic (¥ ; jo — Hxcjo ) contribution. .
However, still the question about how to treat the unitary
transformation remains. First considerations of incorporating
a unitary transformation into the PZ SIC scheme go back to

Pederson, Heaton, and Lin [53-55]. In their original work,

Zn,m UG () +uls, ], ®)
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they suggested an energy-minimization criterion for the total
energy E™,

aEtot
( ) =0 Vi,j occupied, 9
3Sijo Sijo=0ij

to pinpoint the unitary transformation. Here, S;;, is a trial
transformation that takes the set {@,} to a test set {@/ } and
deviates only slightly from the unit matrix abbreviated by the
Kronecker symbol §;;. The criterion can be reformulated [53]
and leads to a set of equations,

(@io | D5 (r) — D55 (D|@j) =0 Vi, j occupied, (10)
that are fulfilled only when the SIC energy is minimized.
This strategy of Pederson et al. can also be applied in KS
DFT [4,56]. The central idea is to find an orbital set {@;,}
and the corresponding unitary transformation that leaves the
density unchanged, minimizes the energy, and determines the
xc potential. Using real canonical KS orbitals and taking
definitions (2) and (9) into consideration, there are two possible
choices of the orbitals {@;;} and the transformation Uj;,:
They can be chosen either both real or both complex. At the
same time, the potential remains a real potential in GOEP, as
well as in its GKLI approximation. The two different sets of
numbers valid for the orbitals and the transformation lead to
two definitions of the unitary transformation: U;;, is defined
according to Eq. (9) with numbers either restricted to be real
or free to be complex.

A further definition of the unitary transformation is based on
the observation that typically real energy-minimizing orbitals
are much more localized in space than KS orbitals are [4].
This is because the Hartree contribution to the SIC in Eq. (1)
increases with increasing degree of localization of the orbitals
[23], while the SIE vanishes only at a certain degree of
localization that strongly depends on the system. Therefore,
spatially localizing transformations introduced by Foster and
Boys [57,58], Edminston and Ruedenberg [59], and Pipek and
Mezey [60] were suggested as a numerically less expensive
alternative to the energy-minimizing transformations. The
corresponding orbitals are typically called localizing or Foster-
Boys orbitals. Reference [4] already investigated the difference
between spatially localizing and real energy-minimizing or-
bitals and found good agreement for the studied cases and
observables.

In summary, we consider four different versions of the SIC:
one version (1) based on the standard KLI approach (KLI-SIC)
and three versions (2-4) based on the GKLI concept. The
three different versions of the GKLI approach result from
three different definitions of the unitary transformation: (2) a
real spatially localizing (FOBO), (3) a real energy-minimizing
(real Epnin), and (4) a complex energy-minimizing transfor-
mation (complex Ey,). All approaches are implemented in
the Bayreuth version [61] of the PARSEC real-space program
package [62]. In PARSEC, core electrons are treated by the
pseudopotential (PP) approximation (see Appendix A for
details). We use a gradient algorithm with an optimized step
size that takes the unitary constraint of the transformation into
account explicitly to determine the energy-minimizing unitary
transformations and corresponding orbitals (see Appendix B).
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The Foster-Boys localization is carried out by a method of
Edminston and Ruedenberg [59].

Having established the conceptual basis of our study, we
finally note that Ref. [4] already assessed the performance
of the GKLI approximation compared to full GOEP and
concluded that both approaches yield ground-state energies
and spin densities in close agreement. Since those are the
properties needed in our investigations, for computational
reasons, all results presented in the following were obtained
by the GKLI approach.

III. RESULTS AND DISCUSSION

We applied the standard KLI and the GKLI to investigate the
total energy and bond-length situation for a test set of dimers
and small molecules. The test set comprises H,O and CHy4
as typical single-bond representatives, O, with a bond order
of two, and the triple-bond representatives CO and N,. We
determined the lowest-energy configuration by means of bond-
length variation followed by quadratic interpolation around the
minimum [45]. During this procedure, the bond angles of H,O
and CH4 were kept constant at the experimental value. The
results are compiled in Table I. The quadratic fit of the applied
interpolation procedure leads to errors less than 0.001 bohrs.
Possible uncertainties due to the use of PPs are discussed in
Appendix A.

As afirst aspect of our work, we discuss total energy results
of our test set of molecules at experimental geometries. To
this end, total energies relative to the corresponding LSDA
result are shown in Fig. 1(a) for the four different LSDA-SIC
implementations discussed in Sec. II. At first glance we can
distinguish between two situations: In case of H,O and CO
all total energy results decrease in the order LSDA, standard,
FOBO, real E 5, and complex Ep;, SIC, whereas for CHy, O,
and N, we first observe a total energy increase from LSDA to
KLI-SIC followed again by a decrease of the total energy in the
preceding order. Moreover, all total energies calculated with
a localizing or energy-minimizing transformation are lower
than the uncorrected LSDA result. The total energy decrease
does not come as a surprise if one keeps in mind that in the
given order additional variational degrees of freedom play
a role. While LSDA is an explicit density functional that
is derived from the homogeneous density limit, in the SIC
scheme variation of the orbitals provides additional means for
energy minimization. Beyond that, in the GKLI approach the
unitary transformation can be used to further reduce the total
energy. Here, localizing orbitals yield total energies that are
almost equal to the ones obtained from real energy-minimizing
orbitals. Finally, due to the additional complex degrees of
freedom the space of variational energy minimization grows
further and allows for another reduction of the total energy.
This energy decrease is less pronounced only in the case
of CHy. The thus unexpected increase of KLI-SIC total
energies for CHy, O,, and N,, however, reflects the problem
of the SIC functional being unitarily variant and the KLI
potential not being a functional derivative of the original
energy expression. In case of the SIC energy functional, this
can lead to pronounced differences between KLI SIC and OEP
SIC results [4,26]. Deviations between KLI SIC and OEP SIC
total energies, where the KLI LSDA-SIC result is larger than
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TABLE I. Comparison of bond lengths (bohrs) of several dimers and small molecules calculated with LSDA, PBE, and different SIC
implementations of the two functionals. GKLI SIC calculations are performed with three different definitions of the unitary transformation

(see text). As a reference, experimental (Expt.) bond lengths are given.

LSDA-SIC PBE-SIC

Molecule LSDA KLI-SIC FOBO real Ey;, complex E,;, PZSIC PBE KLI-SIC FOBO real E;, complex En;, PZSIC Expt.

H,0 1.829 1.769 1.758 1.758 1.750 1.759 [40] 1.825 1.799 1.787 1.786 1.774 1.809 [65]
CH, 2.073 2.044 2.009 2.009 2.009 2.002 [40] 2.072 2.083 2.046 2.045 2.045 2.043 [45] 2.052 [66]
0, 2.289 2.090 2.157 2.159 2.163 2.155[45] 2.326 2.140 2.204 2.205 2.196 [45] 2.281 [67]
CO 2.152  2.006 2.068 2.070 2.086 2.032 [40] 2.169 2.019 2.104 2.107 2.129 2.083 [45] 2.132 [67]
N, 2.080 1.999 1.994 1.993 2.006 1.984 [40] 2.091 2.037 2.023 2.023 2.039 2.026 [45] 2.074 [67]
(a) the LSDA one, are known in the literature [4]. Therefore, our

relative total energy AE [%]
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~
o
=

35

relative total energy AE [%]
[\

05

0¥ ' ' :
PBE KLLSIC FOBO rEg, c¢Eun

FIG. 1. (Color online) Panel (a) shows the relative total energy
AE = (Efeme — ELSPA) /| EMSPA| for the four different definitions of
a KS SIC to the LSDA energy [63]. On the horizontal axis are
the following functionals (func) from left to right: LSDA, KLI
SIC without unitary transformation (KLI-SIC), GKLI SIC with
FOBO transformation (FOBO), GKLI SIC with real-valued energy-
minimizing transformation (r Ey,;,), and GKLI SIC with complex-
valued energy-minimizing transformation (c Ey;,), as introduced in
Sec. II. For each of these functionals the total energy has been
calculated for the five molecules listed in the inset. The lines serve
only as a guide for the eye. Panel (b) shows the corresponding relative
total energies for the PBE GGA functional and the corresponding
four versions of a KS SIC to the PBE energy. All calculations were
performed at experimental bond lengths (see Table I).

results point once more toward the need of a generalized KLI
scheme with an additional localizing or energy-minimizing
transformation if KLI SIC calculations are performed.

One notable difference to this picture appears in the
PBE-SIC case in Fig. 1(b). Whereas LSDA total energies are
above all GKLI LSDA-SIC results, bare PBE gives the lowest
total energies followed by an increase to KLI PBE-SIC and a
subsequent decrease to GKLI PBE-SIC results. This finding
may reflect the fact that for all systems investigated here,
PBE yields total energies that are lower than coupled-cluster
[singles, doubles and perturbative triples, CCSD(T)] reference
results, as one can check using, for example, the NIST Compu-
tational Chemistry Comparison and Benchmark Database [64].
Therefore, the positive PBE-SIC energy correction points
toward the right direction and the additional variational degrees
of freedom of the unitary transformation guarantee for energy
minimization within the PBE-SIC approach. The differences
between LSDA, PBE, and the corresponding SIC schemes are
a manifestation of the different theoretical concepts behind
LSDA and PBE and are discussed more extensively at the end
of this section.

We stress that our implementation in the PARSEC program
package is based on real-space grids. Therefore, it can be
excluded that differences due to real and complex numbers
appear just as a consequence of basis set effects. They represent
true features of the GOEP approach. Thus, as a first result of
our paper, we conclude that complex energy-minimizing trans-
formations need to be considered if one wants to perform the
most rigorous energy-minimizing SIC calculations in KS DFT.

We now turn our discussion to the bond lengths and begin
with the LSDA and LSDA-SIC results in Table I. Note that bare
LSDA gives the overall best results in good agreement with
previous findings based on all-electron (AE) calculations [45].
Possible deviations between PP and AE bond lengths can be
explained by the PP approximation and are discussed in further
detail in Appendix A. As previously found for PZ SIC, an
underestimation of the bond lengths can be observed also in
KS SIC. Here, however, one has to keep in mind that KLI-SIC
suffers from unitary variance problems and the KLI not being
a functional derivative. Because of that and because of the
different numerical approaches of PPs and AE calculations, a
direct comparison of the PZ SIC and our KS standard KLI SIC
results is difficult.

A classification into two groups of results occurs if one
examines the trend while passing through the different levels
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of the SIC implementation. In the case of single-bond systems
one observes a decrease in bond length when going from
KLI-SIC via FOBO SIC and real Ey, SIC to complex Epi,
SIC. Yet, in the same order, the trend is reversed for the
double- and triple-bond systems. Here FOBO and real Ep,
SIC improve upon standard SIC while a further increase toward
the experimental result can be obtained with complex Ep,
SIC. The only result that breaks ranks here is the N, KLI-SIC
bond length that is between real Ey;, and complex E;, SIC
results. This observation, however, is likely to occur again
as an artifact of the KLI-SIC approach. Moreover, as already
observed in the total energies, there is no difference in the CHy
results for different definitions of the unitary transformation.

In case of the PBE our results show a bond-length overesti-
mation in accordance with previous findings in the literature.
The LSDA classification into two groups of results reoccurs in
PBE-SIC and again the N, KLI-SIC bond length is outside the
general trend. Comparing LSDA-SIC and PBE-SIC results
one observes that PBE-SIC bond lengths are all larger than
the corresponding LSDA-SIC values. This finding cannot be
explained by an overall shift that equals the difference between
bare LSDA and PBE bond lengths. Interestingly, the changes
from real energy-minimizing transformations to complex ones
appear to be larger in PBE-SIC calculations than in LSDA-SIC.
Therefore, we conclude that there are intricate differences
in how the SIC acts on the LSDA and the PBE functional,
respectively, and that these differences are also related to
the use of real or complex transformations. Furthermore, we
observe, in accordance with previous findings, that FOBO SIC
and real E;, SIC results for the bond lengths of all systems
and both functionals investigated are in good agreement. This
is one further confirmation of the use of FOBO SIC as a
reasonable approximation to the real E ., SIC procedure.

Note that in the case of O, with complex E,;, PBE-SIC, we
faced convergence problems and therefore are not able to give
a well-founded number for the corresponding bond length:
Although the system converges well up to 0.01% of the total
energy, the remaining uncertainties in the total energy are still
on the order of energy changes due to bond-length variation.
We understand this problem as a delicate interplay between
degeneracies in the O, KS system and the KLI expression itself
not being invariant with respect to unitary transformations of
the canonical KS orbitals. The missing invariance of the KLI
potential was already observed in Ref. [68] in the context
of the exact exchange (EXX) functional, where the Slater
contribution is invariant but the KLI response potential may
change due to unitary transformations of the orbitals. However,
in case of SIC the problem is even more involved: In standard
KLI SIC, the unitary variance appears already on the level
of the Slater potential. While this problem is solved in the
generalized Slater approximation because vS3L(r) is invariant
under unitary transformations among KS orbitals as long as
the transformed orbitals yield the same minimizing orbitals
{@is(r)}, the KLI response term remains variant in SIC and in
all three GSIC versions.

At first glance, this does not seem to be an issue as the KS
orbitals are fixed by solution of the KS equation. However, the
problem with the unitary variance of the KLI potential is that,
in the case of degeneracies, arbitrary unitary transformations
can be performed within the space of degenerate KS orbitals
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without changing the structure of the KS system. As a
consequence, the variant KLI potential may be ill defined in
such situations. In the spin-polarized O,, twofold degeneracies
occur at the highest occupied orbitals in both spin channels.
Additionally, with complex E i, PBE-SIC an almost threefold
degeneracy appears at energetically lower-lying orbitals in one
of the spin channels, where the orbital eigenvalues differ by
only 0.002 Ry. Moreover, we observe rotations of (almost)
degenerate orbitals during the self-consistency iteration. Addi-
tional convergence problems can be introduced by limitations
in the numerical accuracy with which the minimizing unitary
transformation is calculated. However, in our calculations, we
carefully minimized such influencing factors by examination
of a broad range of numerical parameters. Thus, we find that
the convergence problems in O, complex E;, PBE-SIC are
related to the missing invariance of the KLI potential under
unitary transformations of degenerate occupied orbitals.

We further note that already the complex Ep,, LDA-SIC
exhibits difficult convergence in terms of the charge-weighted
potential that we use as a self-consistency measure [62].
However, in contrast to the PBE-SIC case, the convergence
issue here is less severe as the total energy converges up
to an accuracy way below the variations due to changes of
the bond length. The energetic spread of the three almost
degenerate orbitals is about 0.013 Ry and thus about one
order of magnitude larger than in PBE-SIC. Furthermore, the
convergence problem does not occur in case of standard KLI,
FOBO, and real E;, SIC because, due to a different structure
of the KS system, there is no almost threefold degeneracy and
the twofold degeneracies do not seem to be problematic.

Finally, comparing our KS SIC to the PZ SIC results from
the literature we find that the complex E.,;, SIC yields the
closest agreement with experimental bond lengths for double-
and triple-bond systems of all self-interaction corrected func-
tionals considered here. For single-bond systems complex
Emin SIC overcorrects even more and yields less favorable
bond lengths. Therefore, as a second result of our work,
we find that application of a complex energy-minimizing
transformation leads to notable shifts in the bond length
compared to real transformations. In a double- and triple-bond
situation the bond-length shifts point toward the experimental
result and therefore improve upon standard KLI-SIC and real
transformation GKLI SIC approaches.

In order to examine the difference between real [69]
and complex energy-minimizing orbitals further, we compare
isosurface plots of the corresponding orbital densities [47]
illustrated with the CO dimer in Fig. 2. While the energy-
minimizing orbital densities 1 and 5 in Fig. 2 are qualitatively
similar, striking differences are observed for orbital densities
2-4. Real E.;, orbital densities 2—4 show pronounced nodal
planes, whereas complex E, orbital densities do not. The
order of the energy-minimizing orbitals does not have any
physical significance as they are not eigenfunctions of the
Hamiltonian. We introduced the energy-minimizing orbital
numbering just for the sake of being explicit in our assignment.
Real orbitals need to form nodal planes in order to make
orthogonality between different orbitals possible. These nodal
planes are passed on to the corresponding orbital densities.
If, however, complex degrees of freedom are permitted,
the complex numbers can be exploited to guarantee for
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FIG. 2. (Color online) Orbital densities of real and complex
energy-minimizing orbitals of CO at the experimental bond length
of 2.132 bohrs.

ST

orthogonality without or with reduced nodal planes, and thus
nodal planes are also avoided in the corresponding orbital den-
sities [47,70]. Our investigations indicate as a further result of
our work that the complex energy-minimizing transformation
in the generalized SIC KS approach leads to notably smoother
energy-minimizing orbital densities where nodal planes are
avoided compared to the real E ., case. The smoother orbital
densities without nodal planes are much closer to true electron
densities and therefore closer to the realm where (semi-)local
functionals as, for example, the LSDA and the PBE, are
considered to be appropriate [45-47,70]. This gives an idea
why complex E i, LSDA-SIC and PBE-SIC, where smoother
orbital densities are used, result in an improved energy mini-
mization. Moreover, it also gives an explanation for the more
pronounced changes from real to complex transformations
in PBE-SIC than LSDA-SIC: The PBE functional is more
sensitive to changes of the (orbital) density due to its gradient
terms [49]. Notable density changes, however, occur close to
nodal planes. Therefore, the PBE functional is expected to
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show a more pronounced reaction on emerging or vanishing
nodal planes than the LSDA does [47,70].

IV. CONCLUSIONS

In conclusion, we recapitulated the implementation of
the SIC functional with a unitary transformation in the KS
world of DFT and discussed three possible definitions of the
transformation. The GKLI approach was applied to determine
the total energy and bond length of a representative set of
dimers and small molecules. We found that additional degrees
of freedom corresponding to different definitions of the SIC
approach lead to decreasing total energies. Complex degrees
of freedom in the energy-minimizing transformation play a
prominent role. The key difference between real and complex
energy-minimizing orbitals seems to be the formation of nodal
plains. Real energy-minimizing orbitals form nodal plains
also in the corresponding orbital densities, while complex
orbitals give smoother orbital densities. This allows for
further energy minimization in the cases of LSDA-SIC and
PBE-SIC. We confirmed in KS DFT the general notion that
SIC underestimates bond lengths. However, whereas in the
case of single-bond systems SIC with increasing degrees of
freedom leads to increasing underestimation, for double- and
triple-bond systems complex energy-minimizing generalized
KS SIC yields the best self-interaction corrected results. This
reduces standard SIC bond-length underestimation. Our results
show that, in general, both the xc functional as well as the
definition of the unitary transformation have a strong influence
on the performance of SIC. In this spirit, one can conclude that
the unitary transformation is a worthwhile starting point for
improving self-interaction corrected DFT.
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APPENDIX A: PSEUDOPOTENTIALS

Throughout the paper we use norm-conserving PPs of
Troullier-Martins [71] type for all atoms except hydrogen. The
LSDA and all LSDA-SIC calculations were carried out with
LSDA PPs, while we used PBE PPs for the PBE and PBE-SIC
calculations. For hydrogen a Giannozzi-type PP according to
Gygi [72] was used.

Since the PPs were constructed consistently only for the
corresponding LSDA or PBE functional their performance
in combination with the self-interaction corrected functionals
is not clear at first glance. However, the applicability of
LSDA PPs together with other xc energy functionals was
investigated before [40,73]. Goedecker et al. [40] examined the
application of PPs in the context of traditional PZ LSDA-SIC
and found close similarity between LSDA and LSDA-SIC
PPs. They report that without major effects on their results,

062514-6



USING COMPLEX DEGREES OF FREEDOM IN THE . ..

TABLE II. Core cutoff radii r. of the LSDA and PBE PPs of C,
N, and O in bohrs.

LSDA-PP PBE-PP
2s 1. 2pre 2s 1. 2p r.
C 1.09 1.09 1.09 1.09
N 0.99 0.99 0.99 0.99
o 1.09 1.09 1.09 1.09

LSDA-SIC PPs could be substituted by LSDA PPs in LSDA-
SIC calculations [40]. Based on this finding, we used PPs from
(semi-)local functionals with small core cutoff radii r. to keep
the influence of the PPs low. The core cutoff radii of the PPs
used in our calculations are compiled in Table II.

However, an influence on bond-length results can be
expected from the PP construction itself. Therefore, we
compare the bond lengths obtained from the bare LSDA and
PBE functionals using the PPs of Table II to AE calculations
from the literature in Table III.

While differences between PP and AE results are negligible
for the single-bond systems, we observe deviations between
the two approaches of 0.026 bohrs at the maximum for the
double- and triple-bond systems. Deviations of that size can
be expected due to the PP construction. Therefore, we further
estimated the influence of the PP parameters on the bond
lengths by repeating the bond-length investigations using
different PPs constructed with different core cutoff radii.
In case of the CO molecule, for instance, we can perfectly
reproduce the AE LSDA result using a softer C (2s r, = 1.29
and 2p r. =1.29) and O (2s r. = 1.45 and 2p r. = 1.45)
PP. Here, also all LSDA-SIC results are shifted downward by
about 0.02 bohrs and, most importantly, all trends discussed
in Sec. III remain. PP parameters with a similar behavior can
be found for N, and O,.

In order to further assess the influence of the PPs on
bond-length results, we repeated all calculations using PPs
constructed for the EXX functional (EXX-PP) in the KS OEP
scheme [74] and compared to our previous results. EXX-PPs
were proven to yield reliable KS band gaps in the OEP and
KLI scheme [75-77]. One may argue that the EXX functional
represents the extreme case of a perfectly self-interaction free
functional without correlation. Therefore, if LSDA-PPs and
EXX-PPs both yield results in good agreement one would be
rather safe in assuming that all PPs also give reasonable results
in the explicitly self-interaction corrected LSDA calculations.
In practical application, however, we find that the convergence

TABLE III. LSDA and PBE bond lengths (bohrs) obtained from
our PP approach in comparison to AE calculations, respectively.

LSDA PBE
LSDA-PP AE PBE-PP AE

H,0 1.829 1.825

CH, 2.073 2.073 [45] 2.072 2.071 [45]

0, 2.289 2.274 [45] 2.326 2.300 [45]

Cco 2.152 2.130 [45] 2.169 2.147 [45]

N, 2.080 2.071 [45] 2.091 2.085 [45]
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behavior of EXX-PP LSDA-SIC calculations is, by far,
less favorable and leads to errors up to 0.01 bohrs in the
bond-length interpolation procedure. Moreover, already LSDA
bond lengths from EXX PPs are in error by 0.031 bohrs at
the maximum. Deviations of this size can be explained by
the construction procedure of EXX-PPs, where long-range
effects of the EXX functional are treated explicitly [74]. Our
investigations indicate that EXX-PPs cannot be transferred
carelessly to calculations with other functionals because they
are tailored to the peculiarities of the EXX functional. Yet,
the general trends of bond-length shifts due to different
SIC implementations are clearly visible also in the EXX-PP
LSDA-SIC results.

In summary, we estimate an absolute bond-length error
(excluding core-valence interaction effects) due to the use of
PPs of 0.02 bohrs in this study. This error is on the scale
where also other details of the numerical implementation start
to matter. Results beyond the given accuracy are outside the
interest of our investigation. The trends discussed in Sec. III
are very robust and can thus be regarded as a valid general
finding.

APPENDIX B: UNITARILY CONSTRAINED ALGORITHM
FOR THE ENERGY-MINIMIZING TRANSFORMATION

The purpose of this appendix is the description of the
algorithm that we use in PARSEC for the determination of the
energy-minimizing unitary transformation. The algorithm is
based on a conjugate gradient (CG) method where the unitary
constraint of the energy-minimizing transformation is taken
into account explicitly. To this end, we apply an algorithm
of Abrudan et al. [78] that exploits the group properties of
unitary matrices [79] and was recently proposed for application
in self-interaction corrected DFT [80,81]. In this algorithm,
the computational cost can be reduced notably by optimizing
the search direction and step size by means of CGs and a
line search on the Lie group of unitary matrices. A general
overview of the CG algorithm is provided in Table III of
Ref. [78]. We describe the application of this algorithm in
the context of SIC in two steps: First, we explain the basic
algorithm that performs energy minimization constrained to
unitary transformations of the occupied orbitals. In a second
step, we illustrate performance enhancements of the basic
algorithm by using CGs and step-size optimization.

The algorithm discussed in the following is supposed to
minimize the SIC energy functional of Eq. (1) with respect to
its freedom of unitary transformations. It starts from a fixed

set of occupied orbitals { g?);(;)} determined by the initial unitary

transformation U?. For this initial guess, multiple options are

possible: (i) Take the occupied KS orbitals where Ui(](.)g = dij,
(i1) use the minimizing transformation of the previous step of
the KS self-consistency procedure, or (iii) determine the initial
orbitals and transformation by a criterion different to energy
minimization, for example, the FOBO localization. We find
that as long as the orbitals do not change much during a KS
self-consistency iteration, best performance can be obtained
by the energy-minimizing transformation of the last KS step.
In all other cases, we use FOBO localizing orbitals as an initial

guess.

062514-7



HOFMANN, KLUPFEL, KLUPFEL, AND KUMMEL

In each step (k) of our iterative procedure we need to find
a unitary transformation S% that determines a new orbital set

@),
N,
Y S, (B1)

j=1

ZAROE

with lower SIC energy. Thus, S® also needs to modify the
unitary transformation U® according to

N,

&b — Z s ® (B2)

ijo inoc “njo
n=1

so that UV yields the new energy-minimizing orbitals from

the occupied KS orbitals,

N,
o0 =3 UL 00, (B3)
j=1
Therefore, as a first step we determine how the SIC energy
changes due to small variations of the transformation S, from
the unit matrix starting from a fixed orbital set {@;’2} [81]:
Linear order changes of the SIC energy due to deviations of S,
from the unit matrix are given by the anti-Hermitian gradient
matrix,

ah _ IESC[{ @)} Sno ]

ijo *
aSljU S =i

o
(90512 ~51(:(1<)(r) ~SlC(k)(r)|¢l(§)> (B4)

Here, the SIC potentials ~fc( )(r) are computed from the

energy-minimizing orbitals (p(k)(r)

The gradient can be apphed straightforwardly as a steepest
descent search direction with a step size /X to find the new
transformation U} = U — 1P G} Note that the step
size carries a spin index and the iteration number as later we
perform optimization of the step size per spin channel in each
step of the iteration. Here, the step size is a fixed real number.
However, this application of the energy gradient violates the
unitary constraint and unitarity of U %*" has to be reconstituted
a posteriori. To this end, in the first version of our algorithm we
used the so-called Lowdin-orthogonalization method [82] that
yields a unitary transformation U+ as close as possible to
U%+D. The a posteriori orthogonalization, however, renders
an optimization of the step size difficult.

Therefore, the idea of Ref. [78] is to perform the gradient
step in a reduced space, where the unitarity constraint is
guaranteed by choice of the parameter space [79]. Thus, the
optimization problem can be turned into an unconstrained one
by suitable restriction of the parameter space to the Lie group of
n X nunitary matrices U (n) [78]. Due to the anti-Hermiticity
of the gradient matrix, the exponential map

SO(IP) = exp (-1 GP) (B5)

with step size [ constitutes a unitarity conserving transfor-
mation when it is applied to the unitary transformation U®
as in Eq. (B2). Here, Gf,k) corresponds to the steepest descent
search direction but due to the exponential map unitarity of S®’
is guaranteed. The exponential map of Eq. (B5) needs to be
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interpreted by the series expansion of the exponential function.
In practical calculations, we compute the unitary matrix M%)
and the diagonal matrix D%) =A% s, with eigenvalues

A% [81] by diagonalization of the Hermitian matrix
—iG® = Mq®Tp®E prk (B6)

Hence, Eq. (B2) can be reformulated as

U(k+l) M(k) * exp

ijo mic
n,m=1

ll(k))\(k) }M(k) U(k) (B7)

mno ~ njo*

So far we have described the basic steepest descent algorithm
were the unitary constraint is taken into account explicitly.
It allows for the determination of the energy-minimizing
unitary transformation by iteration of Eq. (B7) together with
the gradient of Eq. (B4), the orbitals of Eq. (B3), and the
diagonalization of Eq. (B6).

Yet, the numerical performance of this algorithm can be
notably increased. In the following, we describe how such a
performance enhancement can be obtained by using CGs and
an optimization of the gradient step size. The idea of the CG
approach [78] is to determine the new search direction H®
based on the current gradient G* and the search direction
H®*=D of the last step of the iteration. In the PARSEC CG
implementation, we employ the new search direction,

H(k) — G(k) + (k)H(k 1), (B8)

ijo ijo ijo

where y % is the Polak-Ribiere weighting factor [78],

(G% — G&-D,G®)
*) _ Vo o Yo (B9)
Yo (ng—l) ng—l)>
The brackets are defined by
(X.,Y) = %Re{Tr(XYT)}, X, Yy e C"*m, (B10)

To constitute the CG version of our iterative algorithm, the new
conjugate search direction of Eq. (BS8) replaces the gradient
G® in the basic steepest descent algorithm. For a transparent
overview, we summarized our CG algorithm together with the
initialization of the algorithm in Table IV. Note that in some
cases the CG of the iterative procedure does not perform better
than the steepest descent. Comments and a criterion about
when the CG should be abandoned can be found in Ref. [78].

Thus far, the gradient step /% was chosen to be a fixed real
number. However, an optimization of /% further improves
the numerical performance. To this end, we approximate the
energy as a function of /% by a second-order polynomial
and use the step size corresponding to the minimum of the
polynomial as an optimum step size Ig"" ®© The optimum can
be calculated from the slope

dESIC(l )

k) (1K)
my’(l
o ( 4 ) dlﬁ 1y =I®

(B11)

of the polynomial at/*) = 0 and after some trial step /%) = /%id!
according to

_ (k)(o)ltrial
[ ——: . (B12)
my (i) — m(0)
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TABLE IV. CG algorithm with step-size optimization for the
minimization of the SIC energy functional. The CG version of
the algorithm without step-size optimization can be obtained by
neglecting steps (2 iii), (4), and (5) and choosing a fixed step size
I, in the beginning.

(1) Initialization:
(i) k =0, H," = 0, @) = X)7, Ul g0 (1)
(ii) set real number /%!

2) Compute:
() G) = (@15, ) — 0 P m)1el)

(ll) H(k) G(k) + )/;k)H(k 1)

(iii) rr;EZ)(O) ”H —2(H®, (I?j((;))

3) Determine M%) and D®) = 1% s, from
diagonalization of —i H® = M((,")TDL")M((,")

4) Perform the trial step with step size /"' and compute:

(l) U‘rldl — Zn - MU\)* exp{ llmal)\.(k) }M(k) U(k)

ijo mio mno = njo

(ll) (plrldl(l.) — ZNG Ult]r:l(pja(r) and {USlCmdl}
(1“) G:;I;I — ( mal‘vSICLml(r) ~SIC mal(r)l(z),t:;dl)
(IV) mgc)(ltnal) _ (H{Ek),G:ml>

©) (ot

W I = ot

[®)) Determine the step size:
compute lgLMk) = 2xmaxim:mof(k(,nk(),) :

If 0 < (P10 [t ®: choose [P = [oP®)

Else: choose (Y = 0.2/ ®)

6) Perform a CG step with step size /%) and compute:
D UG = 3 My exp{=ilPA8 ) MG UL
(ii) g0(k+1)(r) ZNU U,(/k:')(p,o(r) and {USIC(k-H)}
(@) Check convergence:

If convergence is fulfilled: stop
Else: k := k + 1 and go to step (2)

We obtain the needed slopes based on the derivative of the
energy with respect to [, in two steps [81]

Noy aESIC (l(k))
(k) (7 (k)y — xc \'o
mg (la ) - i]X::I aSijd

dS;io(s

,  (BI3)
Sijo=0ij dls

Io=0

where the first factor represents the gradient and the second
factor the negative search direction at [, = 0. The gradient
needs to be computed at /%) = 0 and after the trial step at
1% = [l In case of the CG method, the second factor gives
H® for the search direction and one obtains

(k)(o) <H(k) G(k)>
(H(k) Gmal)
where we used the bracket of Eq. (B10).

(B14)

(k) (ltrlal) (B 15)
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Numerical tests of this polynomial line search revealed that
it is advisable to introduce an upper limit of the optimized step
size. We determine this upper limit based on the observation
that the exponential map of Eq. (BS) results in an almost
periodic variation of the transformation with frequencies
determined by the eigenvalues A¥) [78,81]. The idea s to avoid
periodic oscillations by choosing step sizes that are smaller
than the first quarter of the period of the highest-frequency
component given by AM*®) = maximum of {A{*) }

T

—ZAmax o (B16)

)

0 g lék) < l((;ut(k) l:;m(k) —

If the step size violates this condition, we choose [X) =
0.2/cut®),

Finally, we determine the convergence of our algorithm by
monitoring the Pederson criterion of Eq. (10). Convergence is
reached when the absolute value of the largest matrix element
of the matrix in Eq. (10) is smaller than a given threshold
which is typically less than 10~ Ry. In all calculations
for the present paper we used a threshold of 10~ Ry. The
CG algorithm with step-size optimization is summarized in
Table I'V.

We applied the gradient line search unitary optimization
algorithm also for systems that are much larger than the ones
studied in this paper. For instance, applying it to molecular
semiconductors where SIC plays an important role [22,83]
yields notably reduced computation times as compared to the
algorithm used previously by some of us [4,22,83]. A further
detailed presentation and numerical assessment of the new
algorithm including, for example, Cyy and diamond will be
given elsewhere [84].

Note that the algorithm described here can also be used to
optimize the Foster-Boys [57,58] spatial localization criterion
in the form [60,85]

Ny
Bl{@ie)] = Y [{@ioIF|Gio) —

i=1

(@ioIT1@i0)*]  (B17)

under the constraint of unitary transformations. To this end,
one needs to substitute the energy gradient of Eq. (B4) with
the gradient of the Foster-Boys criterion,
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We present a real-time Kohn-Sham propagation scheme for the self-interaction correction (SIC). The
multiplicative Kohn-Sham potential is constructed in real-time and real-space based on the gener-
alized optimized effective potential equation. We demonstrate that this approach yields promising
results for a wide range of test systems, including hydrogen terminated silicon clusters, conjugated
molecular chains, and molecular charge-transfer systems. We analyze the nature of excitations by cal-
culating transition densities from the time evolution and by evaluating the time-dependent exchange-
correlation potential. A properly constructed Kohn-Sham SIC potential shows a time-dependent field-
counteracting behavior. These favorable characteristics of the exchange-correlation potential may
be lost in approximations such as the SIC-Slater potential. © 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4742763]

I. INTRODUCTION

Predicting and understanding the electronic structure
and excitations of nanoscale materials requires reliable first-
principles approaches. In principle, (time-dependent) den-
sity functional theory ((TD)DFT) appears as the ideal choice
for this task due to its attractive ratio of accuracy to com-
putational effort. However, most standard density function-
als suffer from deficiencies that limit their applicability. The
wrong asymptotic behavior of the potential,' the incorrect
prediction of dissociation limits,? and the overestimation of
the static electric response’ are well-known problems. In
semiconductor nanoclusters, where quantum confinement and
excitonic effects are known to play an important role,*
standard functionals tend to underestimate low-lying opti-
cal excitations.!” Charge transfer (CT) is overestimated in
transport!! and the energy of long-range CT excitations is
badly underestimated.!>!3 These problems are particularly
severe as questions of CT play a decisive role in the efforts
to tap new sources of energy by constructing artificial light-
harvesting systems.

There is a close relation between these deficiencies and
the self-interaction error of density functionals. Accurate re-
sponse properties, e.g., polarizabilities of molecular chains,
can be obtained with Kohn-Sham (KS) DFT using the exact
exchange (EXX) functional.'* Partial inclusion of exact ex-
change as, for example, in range-separated hybrid function-
als improves CT excitations.'>™'? In the latter approaches, a
careful adjustment of the range-separation parameter seems
to be necessary for accurate results.”” Tuning!'”'® instead of
fitting can be a successful non-empirical way of determining
the range-separation parameter. Unfortunately, the tuning pro-
cedure violates the size consistency requirement.?!

Promising improvements of response properties
were also obtained with a Perdew-Zunger (PZ) self-
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interaction correction (SIC).! In particular, when used within
KS theory SIC polarizabilities were found to be very
accurate.’* Besides its appealing feature of being parameter
free and non-empirical, PZ SIC fulfills important exact con-
straints on the xc energy functional as it is exact for one-
electron densities and for uniform spin-densities. Moreover,
PZ SIC includes full Hartree self-interaction correction. The
potential of self-interaction corrected functionals shows the
correct 1/r asymptotic decay!? and develops step-like struc-
tures that reflect particle number discontinuities.® !424.26-28
The SIC approach leads to orbital functionals and therefore,
when used in TDDFT, introduces an explicit dependence on
the TD orbitals. Since the TD orbitals at time # depend on the
entire history of the density n(r, t') for ¢ < 1> KS orbital
functionals in principle contain so-called memory effects in a
natural way.?*=3! The particle number discontinuity is crucial
for the proper description of CT, and it has also been argued
that memory effects play a role.'!:13:2%323% Ag both are in
principle included in TD KS SIC, the latter is a promising
candidate for curing the well-known deficiencies of TDDFT,
while at the same time keeping a qualitatively correct descrip-
tion of many ground-state (GS) properties.®

In this paper, we demonstrate that TD SIC in the KS
framework can noticeably improve the TDDFT based descrip-
tion of even difficult excitations. We first discuss the concept
of GS SIC in Sec. II, followed by a description of TD SIC in
Sec. III. Section IV presents real-time (RT) TDDFT calcula-
tions of absorption spectra. There, we also introduce an anal-
ysis tool based on the transition density that allows to analyze
absorption spectra and to visualize the nature of electronic ex-
citations. Section V A gives an overview of how the methods
that were introduced before perform for the established test
case of hydrogen chains. Finally, we report and discuss results
obtained for typical real systems of different character: small
metal particles in Sec. V B, semiconducting hydrogenated sil-
icon clusters in Sec. V C, w-conjugated polyacetylene chains
in Sec. V D, and molecular CT systems in Sec. V E. These

© 2012 American Institute of Physics
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results demonstrate that our SIC scheme shows appealing fea-
tures, e.g., a TD field-counteracting behavior of the xc poten-
tial, and that it is able to correctly predict excitations that were
considered too difficult for standard TDDFT.

Il. THE SELF-INTERACTION CORRECTION
IN DENSITY FUNCTIONAL THEORY

A. The self-interaction correction energy expression

In their seminal work, Perdew and Zunger' introduced
a self-interaction correction where single orbital densities
njs(r) = |<pja(r)|2 of N, occupied orbitals {¢;,(r)} from a
DFT single particle approach are interpreted to represent the
N, electrons of the system. The idea of the correction is to
subtract the energy of the interaction of every electron with
itself from the xc energy of some xc functional approxima-
tion ESPP [n4, n}] according to

No
ESCIny.n1 =E®Pny,n]— Y > [Eulnjo] 0
o=t j=1

+ Ex’[n s, 011.

Here, Ey is the classical Hartree energy and o denotes the
spin index.

This scheme has long been known, yet it has aspects that
have rarely been discussed in the past. First, it has frequently
been assumed that the SIC vanishes for the ultimate Ey.. How-
ever, the exchange-correlation energy is defined for GS den-
sities, and these are typically smooth and nodeless. This is
not necessarily true for orbital densities, which may exhibit
complicated nodal structures. Therefore, the statement that
the SIC of Eq. (1) vanishes for the ultimate xc functional im-
plies the additional assumption that the orbital densities that
are used in Eq. (1) are GS densities of some potential.

Second, one might wonder if the relation between orbital
densities and electrons is a unique one. Indeed a peculiarity
is built into the SIC energy functional as it is not invariant
under unitary transformation of the orbitals. This means that
starting from a given set of occupied orbitals, one can con-
struct further orbital sets by unitary transformations that give
the same density but result in different orbital densities. Dif-
ferent orbital densities, however, represent different identifi-
cations of orbitals with electrons and therefore yield different
self-interaction corrections. Suggestions to solve this “unitary
variance problem” emerged in the past and are based on two
orbital sets®* that take different roles:** The canonical or-
bital set {¢;;(r)} of N, occupied orbitals solves the single
particle equations and a second orbital set {@;, (1)} is used to
set up the SIC xc energy (1) uniquely. By definition, both or-
bital sets give the same density and, therefore, are connected

by a unitary transformation U according to

No
Fio () =Y Ufpjo(x). 2)
j=1

We call such approaches generalized SIC (GSIC) schemes.
At first sight, the unitary variance of the SIC energy func-
tional appears to be a weakness of the SIC approach. Yet, this

J. Chem. Phys. 137, 064117 (2012)

weakness can be turned into a strength in GSIC as the de-
grees of freedom of the unitary transformation provide means
to include additional constraints into the energy functional.
Exploiting this feature, promising improvements have been
obtained in GS DFT.*-34 In the present TDDFT context,
we explain the idea of exploiting the unitary degrees of free-
dom in Sec. III B and then detail the approach with equations
from Sec. III C throughout to Sec. III E.

Recent investigations of GSIC schemes stress the
importance of complex orbitals and unitary transformations
in GS DFT. Therefore, throughout the paper we used real
GS canonical orbitals without loss of generality, but complex
TD canonical orbitals, complex unitary transformations, and
complex orbitals {@}.

45,46

B. Local density approximation (LDA) vs generalized
gradient approximation (GGA) SIC

As the SIC can, in principle, be applied to all xc func-
tional approximations, the question arises on top of which ap-
proximate Ext' [n4, n}] SIC should be performed. Perdew and
Zunger already advocated the use of the LDA as it is on av-
erage a good model for the xc hole and exactly satisfies the
related sum rule.'*” The combination of GGAs with SIC us-
ing real orbitals in GS calculations has been reported to be
doubtful.*® The GS SIC applied to GGAs gives more promis-
ing results if complex orbitals and unitary transformations are
taken into account.*>*¢ Yet, the strong spatial variations of
TD orbital densities may be ill suited for being combined
with the gradient corrections that were derived for the much
smoother GS total densities. Therefore, for the TD case that is
of interest here we focus exclusively on self-interaction cor-
rected LDA.

C. Perdew-Zunger vs Kohn-Sham approach

The SIC xc energy expression depends explicitly on the
orbitals and not on the density itself, i.e., it is an implicit den-
sity functional. Therefore, there are two options for choos-
ing a single-particle scheme: first, the traditional PZ scheme,
where one performs variations 8/8¢; (r) with respect to the
canonical orbitals, and second, the KS scheme, where the
functional derivative is performed with respect to the den-
sity, i.e., §/8n(r). The traditional scheme is close to Hartree-
Fock theory in its variational ansatz and one ends up with
orbital-specific potentials that can be computationally tedious.
In contrast, the KS approach results in a local multiplicative
potential, raising hopes that the approach is not as “Hartree-
Fock like” as traditional PZ SIC.?® Moreover, the KS ap-
proach has further advantages: it leads to Janak’s theorem,*
exact KS eigenvalues are good approximations to relaxed ver-
tical ionization potentials,’® using a local potential has numer-
ical advantages, and the local multiplicative potential allows
for a transparent analysis of the response behavior and in-
terpretability of orbitals and eigenvalues.** Yet, it must also
be said that the construction of the local potential is not free
from difficulties as it requires use of the optimized effective
potential (OEP) method®->! or the generalized OEP (GOEP)
formalism.>
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lll. TIME-DEPENDENT KOHN-SHAM
SELF-INTERACTION CORRECTION

A. Time-dependent optimized effective potential

Already in GS DFT determining the OEP is an involved
procedure, and the TDOEP equation” is yet more demand-
ing to solve.”»* One attempt at a solution scheme in RT
was inspired by the GS concept of using the so-called or-
bital shifts.” With the help of these, the standard TDOEP
equation can be transformed into a set of coupled partial-
differential equations for the occupied TD KS orbitals and
their corresponding TD orbital shifts. Yet, propagating the
coupled equations showed numerical instabilities. A success-
ful RT solution of the TDOEP equation was achieved in
Ref. 54 by direct integration, but the calculation was restricted
to a one-dimensional model problem. RT implementations of
orbital functionals for more complex systems so far relied on
the extension of the Krieger-Li-Iafrate (KLI) approximation
to the TD case.”>> The time-dependent KLI (TDKLI) poten-
tial, however, can be problematic in terms of stability,’’ as
discussed in detail later.

B. Adiabatic interpretation of the time-dependent
generalized self-interaction correction

Tong and Chu®®* already extended the GS SIC method
to the TD (propagation) case. They used the SIC in an orbital-
adiabatic sense with the SIC (KLI) potential derived from the
GS SIC energy. However, as in the GS case, TD SIC suffers
from not being invariant under unitary transformations. More-
over, the usual KLI approximation and particularly the SIC
approach are well known for suffering from stability prob-
lems during time propagation®’-%*-%? (see also the Appendix).
The instability of the KLI approximation is a consequence of
the KLI potential not being a functional derivative and the SIC
functional not being unitarily invariant. In GS DFT, the gen-
eralized KLI (GKLI) approximation compares well to the full
GOEP, whereas the standard KLI is a poor approximation to
the standard OEP for SIC.>% Therefore, it appears natural
to treat the unitary variance problem in TD situations in anal-
ogy to the GS case, i.e., extend the GOEP approach of GS
DFT to TDDFT by using the GS formalism at every instant of
time.

With the GSIC approach, we use the degrees of freedom
that are provided by the unitary transformation for increas-
ing the propagation stability. The KLI propagation instabil-
ity manifests itself, e.g., in energy variations that occur even
when no external field is applied. Thus, during time propaga-
tion the system leaves the path of the lowest energy evolution.
In the GS case, the unitary transformation helps to obtain the
lowest energy configuration. In the same spirit, the unitary
transformation can be exploited in TD situations to keep the
system on a stable energy path during propagation. This ap-
proach is orbital-adiabatic in the same sense as the SIC func-
tional is, if the definition of the unitary transformation at every
instant of time depends on the orbitals at the same instant of
time. Such definitions of the unitary transformation are dis-
cussed in Sec. III E.

J. Chem. Phys. 137, 064117 (2012)

C. Generalized time-dependent SIC potential

In this section, we recapitulate the time-dependent KLI
approximation and introduce our generalization of the TDKLI
scheme to deal with unitarily variant functionals. TD SIC cal-
culations of the orbital-adiabatic kind!®%-3%:3%64-66 have been
carried out successfully based on the TDKLI potential®>%5

ViKU (e 1) + fo(r, 1)

1 Yo
+ (Bgege (1) = iixejo (0)] ¢ +cocos 3)

where

nj(r(rv t)

. N,
_ 1 2
fot) == 5 2 v

t
x / At Gseo (1) — oy (1)) (4)
—00
and the orbital density averaged potentials are given by
Ty (t) = / Er ot (Do, D (e 1) (5)
and
ﬁxcja(t) = / d3l’ (p;g(rﬂ Z‘)chjo'(rv f)‘ﬂja(l', t)- (6)

In the standard TDKLI approach to SIC, the orbital-specific
potentials u,j, equal the SIC potentials
sic SENC[{nir)]

Vs (T, t) = 7(”1]”(1‘, 0 . @)

The first term on the right-hand side of Eq. (3) plus its
complex conjugate is commonly denoted as the Slater (SLA)

approximation50-6267.68
1
pTDSLA(
r)=—
Pxea 2n4(r, t)

No
X Y o (X, Dlttxejo (0. 1) + ule;o (. 1)] (8)
j=1
to the TDOEP potential.
The central idea of the generalization in case of unitarily
variant functionals is to replace the orbital-specific potentials
Uxejo by the generalized orbital-specific potentials®*®

s 1) = e t)Z 5O, @ 0w )

in the TDKLI Eq. (3), where

S ESIC[{fikc}]
~SIC T
; )= — 10
Ve ) = 1o
using the orbital densities {7y, (r, t)}. The generalized orbital-
specific potentials of Eq. (9) are known from GS GOEP, but
need to be evaluated with TD orbitals here. Moreover, in the
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generalized TD approach the transformation U (¢) turns into
a TD function that connects the two orbital sets according to

Ny
Gio(r, )=
j=1

In summary, Eq. (3) together with Egs. (9) and (11) constitute
our TD SIC GKLI (TDGKLI) scheme. A generalized Slater
(GSLA) approximation® is introduced by substituting uS
into Eq. (8).

Ui ()pjo(r, 1). 1)

xcjo

D. Memory contributions in the
time-dependent potential

The function f,(r, t) of Eq. (4) depends on the full his-
tory of uyj,(t"), i.e., on all times ' < r and therefore intro-
duces a memory dependence into the TDKLI scheme. Yet,
for a large class of xc functionals, where the orbital depen-
dence appears only via combinations <p.’j‘a(r, Deje(r', 1), as,
e.g., in the EXX and the SIC functional, this memory depen-
dence vanishes.?%3233:3%59 It should be kept in mind, though,
that a memory dependence in terms of the density n(r, t') re-
mains due to the use of the KS orbitals?*3! in the TD SIC
KLI potential, as stated in Sec. I.

However, one peculiarity occurs in TDGKLI: It is not
clear from the start that the memory dependence in the TD-
KLI of Egs. (3) and (4) vanishes. The use of the second orbital
set in the GSIC scheme introduces a mixing of KS orbitals via
the unitary transformation of Eq. (9) and; therefore, the pre-
vious argument using orbital combinations gaja (r, ;e (r', 1)
does not hold. Thus, the explicit memory contribution sur-
vives in the TDGKLI and Eq. (4) gives

N,
1 Z !
)= —— ) Vi, (r,t dr’ | &
o) = =5y 2V of o fer

No
x Im (w.fa(r@ )Y UGG, (0 )i (¢ )).

k=1
(12)

E. Definitions of the unitary transformation

In order to complete the TD GSIC scheme, we need to
specify how the unitary transformation is defined during the
time evolution. In the following, we discuss and classify sev-
eral possibilities.

1. Energy-minimization criterion

To pinpoint the unitary transformation in GS DFT, Peder-
son et al.>*8 suggested energy minimization of the total en-
ergy E** with respect to changes of Uj;. This criterion leads
to the set of equations

(@io (0|0, (r) — T3°(0)| @6 (1)) = O (13)

for all i and j of occupied orbitals.’*4® The equations are ful-
filled only when the SIC energy is minimized. The very same
criterion was also introduced as a symmetry condition in a re-
cent implementation of original PZ SIC with orbital-specific

J. Chem. Phys. 137, 064117 (2012)

potentials.*"*> The strategy of Pederson et al. can also be
applied in KS DFT.3*3%0 The idea is to find an orbital set
{@;s(r)} and the corresponding unitary transformation that
leaves the density unchanged, minimizes the energy, and de-
termines the xc potential. Orbitals {@;,} obtained from the
Pederson criterion are called energy-minimizing orbitals.

As we intend to support variational stability by a suit-
able choice of the TD unitary transformation it appears nat-
ural to fix U/(r) by an extension of the Pederson energy-
minimization crlterlon to the TD case, i.e.,

(@io (0, DT, 1) — B0 (0, DI G (0, 0) =0 (14)

for all i and j of occupied orbitals and all times 7.5 With this
choice, the total energy EY(f) is minimized at every instant
of time in the spirit of the orbital-adiabatic TD SIC approach,
cf. Sec. III B. In the following, we name this SIC propaga-
tion scheme with energy minimization at every instant of time
“GKLIL.”

The energy-minimization criterion has an interesting in-
fluence on the memory term of the TDGKLI potential:** With
Eq. (14) the memory term vanishes. To demonstrate this ex-
plicitly, we start from Eq. (4) and calculate the difference

XC_]O'(t ) - l/_tXC_]O'(t )

= (@jo (v, ) ugs ;o (0, 1) — ulS, (0, ) @jo (x, 1)) (15)

using definition (6). Then, insert the orbital-specific potentials
of Eq. (9), replace all KS orbitals by

Ny
Qio(r, 1) =Y UZ*(iq(r, 1), (16)

and obtain

ij(r([ ) ij(r(t )

N, N,
D (U UGN Gro (0, 1) [T (x, 1) G (x, 1)
k=1 i=1

UG (UG ) io (0, 1T (0, 1) o (e, 1)) . (17)
By switching indices i and k of the second term, we find

—G* ’
XC]O'(t ) xc]o'(t )

Ny No
=YD UG UG ) Gio (v, 1) T35 (r, 1)

k=1 i=1
— T0C(r, )| @io (r, 1)), (18)

If the Pederson criterion is fulfilled for all times, Eq. (18) van-
ishes and with it the memory dependence. Thus, starting from
a consistent energy-minimizing GSIC GS, the Pederson crite-
rion and related memory dependencies vanish from the initial
time on.

For ensuring that the memory contribution vanishes, it is
essential to converge the energy-minimization condition (14)
below a threshold chosen so small that the remaining devia-
tions from zero are of no physical and numerical relevance.
Yet, already in GS calculations optimization of the Pederson
criterion requires notable numerical effort.3®4%70 In the TD
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case, high quality of U/ (7) is required to keep the propaga-
tion in the variationally stable regime and Eq. (14) must be
fulfilled at each time step for a total time of ca. 40 fs. A
time evolution of this length is required for obtaining a rea-
sonable spectral resolution after Fourier transformation of the
TD dipole signal.

In order to reduce the computational effort for determin-
ing the unitary transformation in the TD case we developed
a special scheme.® The unitary transformation can be deter-
mined notably more efficiently during propagation when we
use

US(1) = ™ UGt — Ar) (19)

as an initial guess for the numerical unitary optimization.
(The numerical optimization is discussed below.) This ini-
tial guess takes the transformation from the previous time
step U/ (1 — Ar) and phase factors with the KS eigenvalues
¢; into account. The choice is motivated by considering a
time propagation of the GS orbitals without external pertur-
bation: For this case, Eq. (19) provides the exact transfor-
mation. Or, stated the other way round: If one would fix the
GS unitary transformation and would not take the phase fac-
tors into account in U/ (#) when propagating, then the orbitals
{@¢;o} would change immediately. This would lead to spurious
changes of the xc potential and therefore to deviations from
the GS. As a consequence, spurious self-excitation and prop-
agation instability would occur.

2. Foster-Boys localization scheme

Alternatives to the energy-minimization condition can be
obtained by using other definitions for U,F; (r) than Eq. (14). It
is known from the GS GOEP approach that spatial localiza-
tion according to Foster and Boys’"7?> (FOBO) is numerically
less expensive, but close to real-valued energy-minimizing
transformations.>%¢ Therefore, we introduce FOBO localiza-
tion in the generalized TD SIC approach. The Foster-Boys
criterion®®7® measures the spatial extent of the localizing or
FOBO orbitals. In analogy to the energy-minimization case,
we enforce the FOBO criterion at each time step of the propa-
gation starting from a SIC GS with FOBO localization. In the
FOBO scheme, the TDGKLI memory contribution does not
vanish as explained before. Moreover, already in the GS the
FOBO orbitals do not fulfill the Pederson criterion and thus
even at the initial time the contribution of the memory term is
unclear as the time integral in the memory term starts at minus
infinity. Therefore, we define the FOBO propagation scheme
such that we set f,(r, t) = 0. The initial guess of Eq. (19) can
again be used. Thus, the abbreviation FOBO in the following
refers to a (TD)GKLI propagation with Foster-Boys localiza-
tion in the GS and at every instant of time, and f,(r, 1) = 0.

3. Fixed phase factor approximation

Equation (19) can serve as the basis for yet another TD
SIC scheme. Starting from an energy-minimizing GS trans-
formation, one can use Eq. (19) without subsequent unitary
optimization to define U/;(r). We call this approach the fixed

J. Chem. Phys. 137, 064117 (2012)

phase factor TD transformation approximation (GKLIP"). It is
motivated by the hope that in the linear response regime the
KS orbitals and potential may stay close to their respective GS
values, except for trivial phase factors in the orbitals. There-
fore, the unitary transformation of Eq. (19) may yield a TD
transformation close to the true energy-minimizing transfor-
mation. As linear order changes of the KS orbitals lead to lin-
ear order changes in the potential, and as higher order effects
due to Ul-‘; (t) are excluded, the phase factor TD transforma-
tion may be seen as a linear response approximation to the
true energy-minimizing transformation. However, since the
memory contribution again does not vanish, one has to make
a choice. Either one takes the memory term into account by
time integration of Eq. (12), or one neglects the memory con-
tribution completely. We discuss differences between the two
options in the Appendix but mostly focus on the f,(r,7) =0
scheme.

4. Discussion

From a theoretical point of view using the energy-
minimizing U/ (1) at every time step appears as the most rig-
orous of the various schemes for several reasons. First, it is
consistent with the energy-minimizing GS. Second, it follows
the lines of the orbital-adiabatic definition and thus hope-
fully leads to propagation along a stable minimal energy path.
Third, the memory contribution vanishes and, therefore, the
history of the orbital-specific potentials uxGC jo (I, 1) does not
need to be calculated. From this perspective, the FOBO and
the GKLIPf schemes appear as approximations to the energy-
minimizing TDGKLI that are motivated by their lower com-
putational costs. However, the practical performance of the
different schemes needs to be investigated. Therefore, we as-
sess the different approaches in Sec. V.

IV. ANALYZING THE REAL-TIME RESPONSE

A. Time-dependent self-interaction correction
propagation scheme

One of the most important applications of TDDFT is the
determination of optical excitation spectra. In RT TDDFT,
one calculates dipole spectra from the Fourier transforma-
tion of the TD dipole moment.”*” To determine the dipole
moment time evolution, we propagate the KS system after
an initial boost excitation within the linear response regime.
The GSIC propagation scheme for such calculations based on
two orbital sets is implemented in the Bayreuth version’®7
of the PARSEC program package.”® In our approach, the fol-
lowing steps have to be taken at each time step: (i) prop-
agate the KS orbitals a finite time step At using the KS
potential of the previous time step, (ii) determine the unitary
transformation according to Eq. (14), (iii) calculate the new
potential using Eq. (3) together with Eqgs. (9) and (12). This
general propagation scheme can be refined by propagation
techniques explained in Ref. 79. We employ a fourth-order
Taylor expansion combined with the exponential midpoint
rule,’®7” where the potential needs to be determined twice per
time step. The unitary optimization of the Pederson criterion
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can be performed iteratively and we implemented algorithms
of Fois et al.,’® Messud e al.,** and Abrudan et al.®' Whereas
first GSIC propagations®® used the former two approaches, we
now obtain the best performance with the algorithm of Abru-
dan et al.,’" based on minimizing the SIC energy contribution
via conjugate gradients and a line search for gradient step-size
optimization (for more details, see Ref. 46). For the FOBO
unitary optimization, we use the same algorithm tailored to
the FOBO criterion.*

The stability of propagation schemes using the TDKLI
potential has been a topic of debate as the occurrence of in-
stabilities is well known in the particularly difficult case of
Nas.%"-0-62 We find that our GSIC propagation scheme using
the TDGKLI approximations improves upon this drawback
of the standard TDKLI.®*% We discuss the stability issue for
the special case of Nas in the Appendix. For all other sys-
tems studied here, no notable instability occurs on the rele-
vant time scales. Summarizing our experience from a practi-
cal point of view we can state that a time evolution of about
40 fs is needed for a reasonable spectral resolution of ca.
0.1 eV. Generally speaking, all GSIC variants remain re-
markably stable during propagation within this time range if
the numerical parameters are chosen reasonably. This distin-
guishes the TD GKLI approaches from standard TDKLI for
which we could not calculate a clean spectrum in some cases.

B. Transition density diagnostic tool

When a system’s response is calculated from the analyt-
ically linearized TDDFT equations,® one readily obtains the
decomposition of each excitation into occupied to unoccu-
pied orbital transitions. Analysis of these orbital transitions
and their associated weighting factors gives insight into the
nature of an excitation, helping, e.g., in identifying CT exci-
tations. In principle, the same information is available in the
RT propagation and could be extracted from the explicitly TD
orbitals. However, the technical and computational effort to
do so is non-negligible. Therefore, we here introduce a rela-
tively easy to implement RT evaluation tool that also allows to
explore the nature of excitations. It is based on the transition
density, which is directly related to the TD density and thus
well defined in the framework of TDDFT.53-83

We exemplify this idea with the 4-(N,N-
dimethylamino)benzonitrile (DMABN) (Refs. 86, 87,
76,89-91

and 88) adiabatic TD LDA dipole power spectrum
shown in Fig. 1, where we used the geometry of Ref. 88.
The transition density p,(r) corresponding to an excitation at
frequency w is proportional to the negative of the imaginary
part of the Fourier transformation én(r, w) of the TD density
fluctuations 8n(r, 1) = n(r, t) — n(r, 0),3*¥ ie.,

Po(r) X —Im{én(r, w)}. (20)

Thus, it can be calculated readily from RT propagation and is
depicted in the right part of Fig. 1 for the two lowest excita-
tions of DMABN, which are at 3.9 eV and 4.2 eV with the TD
LDA. We calculated the Fourier transformation step by step
during time propagation for preset frequencies. The obtained
transition densities are a fingerprint of the corresponding
excitation.

J. Chem. Phys. 137, 064117 (2012)
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FIG. 1. DMABN spectrum and transition densities from density
propagation.

The transition density can alternatively be calculated
as the weighted sum of occupied and unoccupied orbital
products®

occup. unoccup.

po® o Y D" alei(r)e;(r) @1)
i J

with weighting factors ;7. In the DMABN system, the char-
acter of the excitations is well described by (semi)local xc
functionals and well known to be dominated by transitions
from one occupied to one unoccupied orbital.” One of the
low lying transitions is understood to be a highest occupied
molecular orbital (HOMO) to lowest unoccupied molecular
orbital (LUMO) transition, whereas the other excitation is
dominantly of HOMO to LUMO+1 character. The corre-
sponding orbital products are shown in Fig. 2.

Comparing the transition densities from RT propagation
and the ones calculated from orbital products clearly shows

HOMO

HOMO - LUMO product
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FIG. 2. Orbital products calculated from LDA GS orbitals of the DMABN
molecule.
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that the excitation at 3.9 ¢V is of HOMO to LUMO+-1 and
the excitation at 4.2 eV of HOMO to LUMO type. In the
DMABN system, the HOMO-LUMO+-1 excitation has been
characterized as being local and the HOMO-LUMO excita-
tion as short-range CT.%"-88

Close inspection reveals that especially in the 3.9 eV ex-
citation case the agreement between the HOMO-LUMO+1
product and the transition density from RT density evolution
is not perfect. There are at least two possible explanations for
this finding. A first technical aspect is related to the resolu-
tion of the Fourier transformation: It is limited by the length
of the numerical density time evolution. Here, the two peaks
are energetically very close and, therefore, the signal of the
lower peak at 3.9 eV may be “contaminated” by the response
of the close lying higher peak at 4.2 eV. Second, from a physi-
cal point of view, the transition is not necessarily of pure “one
occupied to one unoccupied orbital” character. However, even
with these small differences, the signal is clear enough to un-
ambiguously distinguish between the two excitations.

In an attempt to allow for an objective transition density
comparison that goes beyond “visual inspection” we intro-
duce quantitative criteria. As the transition density carries in-
formation about the oscillator strength and, therefore, cannot
be normalized easily, we suggest two different comparison
criteria. First, we define

_ fd3r pw]pa)z
/d3r |pw1pwz|

as a criterion that is not sensitive to the proportionality fac-
tors of Eqgs. (20) and (21) but analyzes the spatial pattern of
the corresponding transition densities. It varies between —1
< k1 < 1 and takes its maximum value k| = 1 only if the spa-
tial structure of the transition densities p,, and p,, is equal.
Note that proportionality factors do not affect the fingerprint
pattern but influence the absolute values. However, absolute
values of transition densities would be influenced by the exci-
tation process and are not our aim here anyhow as we do not
calculate the weighting factors of Eq. (21). Instead we rely on
the fact that in the cases that we study here the transition den-
sity is always dominated by a single occupied to unoccupied
transition.
As a second comparison criterion, we use

(22)

K1

o = f &F 1Py Pu. (23)

which measures the absolute overlap of transition densities.
The k,-value is useful for comparisons in which one transition
density is fixed and one would like to compare this transition
density to several others that have all been calculated by the
same method. For example, one may want to test which of
several TD transition densities that have all been obtained by
the same excitation process is closest to a certain product of
GS orbitals.

As an example Table I lists x; and «, for several
DMABN excitations. The « criterion confirms the transition
density correspondence that we had found before by look-
ing at transition density iso-surface plots. Corresponding tran-
sition densities show a «; greater than 0.9, whereas non-
corresponding transition densities show «; lower than 0.6.

J. Chem. Phys. 137, 064117 (2012)

TABLE 1. Quantitative transition density comparison for DMABN
molecule excitations using the criteria «; of Eq. (22) and «2 of Eq. (23).
Labels TD followed by an excitation energy denote transition densities ob-
tained from RT propagation (Eq. (20)), whereas labels GS followed by letters
H, L, etc., denote transition densities calculated as a GS orbital product. H
stands for HOMO and L for LUMO.

Po; Por, K1 K2 (x 1079)
TD 3.93 eV GS H-L+1 0.91044 0.5582
TD 4.21 eV GS H-L 0.92061 4.6795
TD 3.93 eV GS H-L 0.57421 0.4739
TD 4.21 eV GS H-L+1 —0.03861 1.4217
GS H-L GS H-L+1 —0.01571 0.1601
TD 3.93 eV TD 4.21 eV 0.59535 3.6365

The «k values of almost 0.6 that are seen in Table I are in
line with the previously made argument that the excitations at
3.93 eV and 4.21 eV show some similarity. Yet, the difference
between x| = 0.6 and k| = 0.9 is noticeable enough to allow
for a clear identification of the corresponding transitions. We
also see that the HOMO-LUMO and the HOMO-LUMO+1
orbital products are clearly identified as being dissimilar with
a k1 of less than 0.02.

Table I further shows why the bare «, criterion is lim-
ited in its predictive power: k, exhibits the same picture as
k1 when comparing the GS HOMO-LUMO transition den-
sity to the TD transition densities, but it fails when comparing
the GS HOMO-LUMO+1 to the TD transition densities. The
reason for this failure is the notably higher signal strength of
the TD transition density at 4.21 eV that leads to a greater
total overlap with the HOMO-LUMO+1 transition density,
although the spatial structure is obviously different. Neverthe-
less, in cases of consistent excitation processes, similar signal
strength, and similar «; values, k, can help to clarify com-
plicated situations. One example of this kind is discussed in
Sec. V E. Consequently, in the following we base our investi-
gations on | and use «; only if k| alone does not give a clear
picture.

V. RESULTS AND DISCUSSION

In the following, we apply the methods introduced so far
to study different systems: on the one hand systems that allow
for transparently analyzing the response and xc effects, on the
other hand systems that are practically relevant and known
to be challenging for TDDFT. We first investigate hydrogen
chains and assess response features of SIC and GSIC in TD
situations. Then, we address real systems that are paradigm
examples for different types of excitations: metal clusters
with a comparatively homogeneous density and “collective”
excitations, semiconductor clusters that exhibit effects that
were classified as excitonic, oligo-acetylene chains with ex-
tended 7 -conjugation, and molecular chromophores with CT
excitations.

A. Dynamical effects in hydrogen chains

We first investigate the SIC and GSIC TD response of hy-
drogen chains with alternating H-distances of 2 bohrs and 3
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FIG. 3. (a) Slope m(t) of Avxc(x, t) for an electrical field (“laser”) excitation
of frequency 0.2 eV/# for LDA, GKLI, and GSLA. The field was scaled by a
factor of 0.1 for the plot. (b) Corresponding snapshot of Avc(x, t) along the
HB8 chain (x-direction) at the first maximum of the field at 5.2 fs.

bohrs.#-%! Such chains have frequently been studied in GS
DFT (Refs. 3, 14, 22-24, 28, and 92-97) and it has been
shown that a field-counteracting term in the xc potential is de-
cisive for the description of static response properties such as
polarizabilities.> '*2497 Therefore, we are now interested in
such spatial structures in the dynamical response. We study
the linear TD response by applying an external sinusoidal
electrical field of 10~* Ry/bohr/e with different frequencies.
The field is along the backbone of a H8 chain. For a trans-
parent analysis, we need to reduce the data of vy (r,?) to a
manageable amount. Therefore, for each instant of time, we
compute the slope m(?) of the difference

Avxe(x, 1) = Vxe(X, 1) = Vxe(x, 0) (24)

by least squares linear regression along the H8 backbone (x-
direction). Figure 3(a) shows the result obtained for an excita-
tion of frequency 0.2 eV/#i and different xc potential approx-
imations. The bottom panel shows snapshots of Avy.(x, ) at
the first maximum of the field at 5.2 fs. The slope m(¢) clearly
reveals the general trend of the potential’s response to the ex-
ternal perturbation. For the low frequency excitation studied
here the TD LDA and GSLA potentials unambiguously fol-
low the external field, while the TD GKLI potential shows a

J. Chem. Phys. 137, 064117 (2012)
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FIG. 4. Slope m(f) of Avg.(x,t) of the LDA and GSLA potential to-
gether with the electrical field amplitude for different excitation frequencies:
0.5 eV/#i (upper panel), 1.0 eV/# (middle panel), and 1.5 eV/# (lower panel).

field-counteracting behavior, in analogy to the GS case. The
snapshots in Fig. 3(b) confirm this finding.

Analysis of the frequency dependence of the response of
the xc potential reveals that the LDA and GSLA xc potentials
follow the external potential also at higher frequencies. We
exemplify this finding for frequencies of 0.5 eV/#, 1.0 eV/#,
and 1.5 eV/# in Fig. 4. Yet, the GKLI response changes no-
tably at higher excitation frequencies (see Fig. 5): While at
low frequencies the GKLI xc potential clearly works against
the external field, the response structure develops complicated
features at higher frequencies. For the 1.0 eV excitation for in-
stance, the GKLI potential is no longer in phase with the ex-
ternal potential and the slope of Avy.(x, t) increases notably
in time. At 1.5 eV vSKU(r, 1) seems to work with the external
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FIG. 5. Slope m(t) of Avgc(x,t) of the GKLI, the FOBO, and the GKLIPf
potential together with the electrical field amplitude for different excitation
frequencies as in Fig. 4. m(f) is almost identical for the GKLI and FOBO
response.
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field and is, apart from minor deviations, in phase with the
external perturbation.

Figure 5 also demonstrates that the field-counteracting
behavior at low frequencies is lost if one applies the
fixed phase factor TD transformation approximation of
Sec. III E 3: In the first quarter cycle of the external field
GKLIP' always works with the field for all excitation fre-
quencies considered here. At low frequencies, also the overall
trend of the xc potential response follows the external pertur-
bation. At higher frequencies it develops complicated struc-
tures with phase shifts and elevated amplitude.

Using FOBO localization during the propagation at every
instant of time does not spoil the field-counteracting trend of
GKLI at low frequencies. Even at higher excitation frequen-
cies, the overall trend of the FOBO potential is very similar
to the GKLI one (see Fig. 5). Yet, analysis of the FOBO po-
tential along the chain axis at single time steps reveals dif-
ferences in the details of the potential response compared to
the GKLI. FOBO localization implemented with fixed phase
factors does not show the favorable behavior of the full TD
FOBO scheme and, therefore, is not investigated further in the
following.

Also the standard KLI potential shows a field-
counteracting behavior during propagation at low frequen-
cies. However, we did not investigate KLI in detail as the
propagation had serious stability problems®’ already after
15 fs (see also the Appendix).

We believe that the field-counteracting behavior is an
important feature of the xc potential and necessary for a
proper description of response properties especially in situ-
ations where the density distribution changes notably, as it is
the case in CT. Without the field-counteracting term response
properties will be overestimated and CT will be too easy. The
analysis in this section reveals that two features of the poten-
tial are important for the proper response: (i) The potential
needs to include the response term that makes the difference
between KLI and SLA. (ii) The unitary transformation crite-
rion has to be enforced at every instant of time. As the GKLI
with an energy-minimizing transformation at each time step
is a well defined scheme that fulfills these criteria, we regard
the GKLI approach as the best justified and most trustworthy
(G)SIC implementation in TDDFT. Our investigations on hy-
drogen chains reveal that FOBO localization applied at every
instant of time is a promising alternative to the energy mini-
mization as it is computationally less expensive and close to
the GKLI performance. Therefore, FOBO needs to be inves-
tigated further in the following.

We now turn to the determination of the lowest excita-
tion energy of short hydrogen chains. The results are reported
in Table II and can be categorized into three groups: First,
the LDA numbers which confirm TD LDA’s known trend
to underestimate excitation energies in confined chain like
systems.99 Second, the KLI results that show an erroneous
downward shift of about 0.3 eV to 0.5 eV with respect to the
LDA excitation energies. We had to estimate many of the KLI
excitation energies from a relatively short time propagation
due to early onset of propagation instability. Third, all gen-
eralized SIC schemes which correct the LDA result towards
higher energies by about 0.3 eV to 0.5 eV. There is a small

J. Chem. Phys. 137, 064117 (2012)

TABLE II. Lowest excitation energy of hydrogen chains with alternating H
atom distances of 2 bohrs and 3 bohrs. Listed are results for LDA, KLI, and
GKLI as well as for three approximations to the GKLI: FOBO, GSLA, and
GKLIP'. B3LYP and CC2 excitation energies are given as a reference.”

LDA KLI GKLI FOBO GSLA GKLPf B3LYP CC2

Hy 770 745 830 8.25 8.30 8.35 8.36 9.26
He¢ 675 64* 7.10 7.05 7.10 7.10 7.33 8.47
Hg 6.00 55* 635 6.30 6.35 6.40 6.70 8.00
Hip 550 5.1* 585 5.85 5.85 5.90 6.29 7.70
Hi, 515 4.8 5.60 5.50 5.55 5.60 6.01 7.50

“Numbers are estimated from a time evolution of notably less than 40 fs as obvious
propagation instability occurred already within this time span.

trend of rising excitation energies from FOBO via GKLI and
GSLA to GKLIPf, but overall all GSIC energies are similar. In
view of the earlier observed differences between the different
GSIC schemes the similarity of the results here may come as
a surprise. However, the similarity is explained by the special
nature of the excitation that we study here. It is build from
local contributions on each of the H, segments and has al-
most no component of CT from one H, unit to the next. Thus,
the situation is notably different from the previous case where
the TD external field could generate a charge flow along the
chain’s backbone.

To finally assess our GSIC schemes in comparison
to other methods, we computed Becke three-parameter
Lee-Yang-Parr hybrid functional (B3LYP) and approximate
coupled-cluster singles-and-doubles model (CC2) (Ref. 98)
excitation energies with TURBOMOLE (Refs. 100 and 101)
using Gaussian basis sets of quadruple zeta valance qual-
ity (def2-QZVP).!%2 We find that B3LYP gives higher exci-
tation energies than GSIC with differences between B3LYP
and GSIC on the order of about 0.3 eV. However, B3LYP
and all GSIC schemes are off the CC2 numbers by at least
0.9 eV with rising deviation for larger chains. Although we
are aware of possible deviations between CC2 and higher
level reference calculations,'® we interpret this finding as
being in line with earlier observations of the peculiar na-
ture of the hydrogen chains. Already in earlier works it
has been observed, e.g., that current DFT taking ultranon-
local xc effects into account leads to large improvements
for real conjugated polymers, whereas in hydrogen chain
models the improvements are small.!%* Moreover, in hydro-
gen chains only full OEP SIC gives polarizabilities close
to the coupled-cluster reference while one observes no-
table differences between GKLI and full OEP.2® Thus, al-
though hydrogen chains are a transparent test system, they
are only a limited indicator for functional performance in
realistic situations for true molecules and solids. There-
fore, we draw two conclusions from the hydrogen chain
tests. First, due to the favorable features that the GKLI
vxe showed for the hydrogen chains, hopes are high that
GKLI may also describe real molecules well. Second, how-
ever, we are aware of the limitations of the hydrogen chain
test and, therefore, have to assess the trustworthiness of
GKLI thoroughly for real molecules. This is what we do
in Secs. VB-V E.
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FIG. 6. Na;r spectrum calculated with LDA, standard KLI, and GKLI.

B. Metal clusters

Metal clusters are known for their collective response
properties that are well described with (semi)local xc func-
tionals. Here, we focus on Nag that was reported to be well
described by both the TD LDA and TD EXX functional. Nas
as a more difficult case is discussed in the Appendix.

The Nag time propagation behaves well in terms of prop-
agation stability and excitation spectra can be determined
easily.?! The spectra obtained from LDA, standard KLI,
and GKLI are compared in Fig. 6. All three spectra show sim-
ilar excitation features. The only difference occurs at the main
peak, where LDA and standard KLI give an excitation energy
of 2.8 eV and GKLI gives 2.9 eV. Thus, the SIC approach
does not spoil the good accuracy that TD LDA reaches for
Na;* , 1.e., it behaves as hoped for. Similar observations are
made for other Na clusters.

C. Hydrogenated silicon clusters

Hydrogen terminated silicon cluster*'%1% belong to a
class of confined systems where the excitations have been de-
scribed as being of excitonic nature. In these systems, the
qualitative shift of the lowest excitation to lower energies
with increasing cluster size is well described with (semi)local
functionals.® However, for small hydrogenated silicon clus-
ters (semi)local functionals considerably underestimate the
position of the lowest excitation peak in comparison to GW
Bethe-Salpeter equation (GW-BSE) and experimental results.
This discrepancy vanishes with increasing cluster size.” It
has further been reported that for silane (SiH4) and disilane
(Si,Hpg) the standard KLI SIC does not improve the spectrum,
but underestimates excitation energies and distorts the struc-
ture of some excitation peaks,'? whereas EXX within the TD-
KLI yields reasonable excitation energies. '

We first discuss our results for silane®*! and compare to
results obtained from GW-BSE (Refs. 6, 7, and 9) and the ex-
perimental spectrum.' Consistent with previous findings,'?
we confirm that the standard KLI SIC spectrum does not im-
prove upon LDA. However, GSIC shifts the total spectrum to
higher energies in agreement with the GW-BSE results. Dif-

J. Chem. Phys. 137, 064117 (2012)

ferent GW-BSE results have been reported in the literature
for the first excitation energy of SiH,: 9.0 eV,° 9.16 eV,” and
9.4 eV.” We regard the real-space approach of Ref. 9 con-
ceptionally closest to our real-space implementation, and our
TD GSIC results indeed come close to it. A comparison to
the experiment'® shows that the GKLI reproduces the ex-
perimentally observed trends and compared to TD LDA also
greatly improves the peak positions. Yet, there remains a dis-
crepancy of about 0.5 eV between theoretical and experimen-
tal excitations energies (experimental peaks are reported at
8.8eV,9.7¢eV, and 10.7 eV (Refs. 6 and 106)). We performed
our calculations with the experimental geometry of Ref. 107,
yet also assessed the influence of the Si—H bond length on ex-
citation energies. We found that an increase of the bond length
can explain a couple of 0.1 eV shift downwards in the exci-
tation energies. As the experimental spectrum is rather broad
and molecular vibration effects may play a role in silane, we
believe that the significance of the comparison to the exper-
iment is limited and rather focus on the comparison to GW-
BSE. There we find good agreement and TD GKLI excita-
tions are within the uncertainty limits that the GW-BSE cal-
culations themselves have.’

The situation is qualitatively similar for disilane (SipHg).
The spectra shown in Fig. 8 were obtained®—! for the ex-
perimental geometry.!% Experimental excitation energies are
reported at 7.6 eV, 8.4 eV, and 9.5 eV.'% Whereas TD LDA
and KLI SIC excitation energies are systematically too low,
TD GKLI shifts the total spectrum to higher energies, thus
greatly improving the agreement with GW-BSE and the ex-
periment. Our excitation energies at 7.8 eV and 9.1 eV com-
pare favorably to the GW-BSE excitations at 7.6 eV and 9.0
eV. However, in the GKLI approach a low intensity peak ap-
pears at 8.5 eV. Such a peak has not been reported for the
GW-BSE. On the other hand, there is a GKLI excitation at
9.9 eV with almost vanishing signal strength that is close to
the 9.7 eV GW-BSE excitation.
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FIG. 7. SiH4 spectra calculated with different functionals. Black verti-
cal lines indicate GW-BSE excitation energies at 9.4 eV,? 10.2 eV,° and
11.2 eV.% The upper panel shows LDA and standard KLI SIC, whereas in
the lower panel we compare GKLI, FOBO, and GKLIP.
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FIG. 8. SipHe spectra calculated with different functionals. Black vertical
lines indicate GW-BSE excitation energies at 7.6 eV, 9.0 eV, and 9.7 eV.o
The upper panel shows LDA and standard KLI SIC, where in the lower panel
we compare GKLI, FOBO, and GKLIP.

For silane and disilane, we included also spectra of GKLI
with phase factor approximation and FOBO in Figs. 7 and 8.
Generally speaking, all three methods yield very similar re-
sults. However, a deviation occurs at the 9.1 eV disilane ex-
citation: GKLI has one pronounced peak, while GKLIP' gives
an additional structure at 9.2 eV. We observe such spurious
features of the phase factor approximation in different sys-
tems, and see this is another reason for cautioning against the
use of GKLIP,

D. Polyacetylene chains

Table III presents excitation energies for polyacetylene
(PA). PA played a prominent role in the early work on con-
ducting polymers'®-11% and is a paradigm system for strong
confinement in two directions, but w-conjugated delocalized
electrons in the third (along the chain’s backbone). PA has
been used for testing for deficiencies of (semi)local DFT and
TDDFT in previous studies.”® !11-113

The lowest excitation energy of acetylene oligomers de-
creases with increasing chain length because of an increase of
the conjugated electronic system, but saturates at some finite
chain length.” The qualitative trend for small chains is repro-
duced by the TD LDA. This indicates that the excitation stud-
ied here is not of the pronounced CT character which TD LDA

TABLE III. Lowest excitation energy of short polyacetylene chains. The
table compares TD LDA and SIC results to linear response TDDFT calcu-
lations of Varsano er al.®® (Va) and to B3LYP excitation energies calculated
with TURBOMOLE using the def2-QZVP basis set.

LDA KLI GKLI FOBO GKLIPf Va B3LYP
C4Hg 545 531 5.68 5.85 5.72 5.75 5.67
CeHg 447 441 4.62 4.75 4554.69 483 4.71
CgHjo 386  3.79 3.93 4.00 3.99 4.12 4.09
CioHi2 338 331 3.42 3.52 3.45 3.67 3.66

J. Chem. Phys. 137, 064117 (2012)

severely underestimates. Judging the quality of the absolute
numbers is not as easy, as comparison with experiment! !4
is notoriously difficult and there is no established theoreti-
cal benchmark. One may take the TDDFT calculations of
Varsano et al.” as a reference. The latter employed an xc
kernel that was developed based on input from the BSE and
yields excitations that are close to the ones obtained with the
B3LYP functional. TD LDA excitations are lower than these
references by about 0.3 eV. TD GKLI stays somewhat be-
low the B3LYP results, but shifts the excitations upwards as
expected.

We use the PA oligomers to further test the performance
of different approximations to the GKLI. In accordance with
our previous findings, we observe that standard TD KLI SIC
erroneously reduces the TD LDA excitation energies. FOBO
on the other hand gives broad and slightly higher excitation
energies than the energy-minimizing GKLI. As the Foster-
Boys criterion enforces spatial localization, this result may
indicate that spatial localization effects play a role in the de-
scription of the excitations of the PA segments. The GKLIPf
results are very close to the GKLI ones but show a peculiarity
for CgHg: The prominent first excitation peak of the spectrum
is split into two peaks separated by 0.14 eV.

E. Molecular charge-transfer systems

Finally, we come to the most challenging test for the TD
GKLI schemes and investigate CT excitations. First, we take
up the DMABN example of Sec. IV B. The second lowest
DMABN excitation is of HOMO to LUMO type and exhibits
short-range CT character. The CT transition is understood to
promote one electron from the methyl group as the donor to
the nitrogen side of the benzene ring as the acceptor®’ (see
the transition density in the upper panel of Figs. 2 and 9).
The lowest excitation is described as a HOMO to LUMO+-1
excitation localized on the benzene ring. Experimentally, the
local excitation is seen at 4.25 eV and the CT excitation at
4.56 eV.3® LDA underestimates both excitations by about
0.35 eV. Semilocal functionals improve upon LDA. The TD
Perdew, Burke, and Ernzerhof functional,!'® e.g., yields ex-
citation energies of 4.02 eV and 4.30 eV (Ref. 88) for the
two lowest DMABN excitations. It is also known that the
character of the excitations in DMABN is well described by
(semi)local functionals.
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FIG. 9. TD LDA and GKLI SIC spectra of DMABN and transition densities
calculated from RT propagation.
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TABLE IV. Quantitative transition density comparison of DMABN using
k1 and k7 of Sec. IV B. We indicate the functional and the method of calcu-
lation as in Table I.

Pawy Par K1 K (X 10_5)
LDA GS H-L GKLI GS H-L 0.99994 0.8945
GKLITD 4.40 eV GKLI GS H-L 0.92145 4.0776

The GKLI spectrum of Fig. 9 for the low lying excita-
tions is similar to the LDA spectrum, but shifted to higher en-
ergies by about 0.2 eV. Thus, the GKLI spectrum looks very
promising. Yet, we need to check whether the TD GKLI spec-
trum only superficially “looks right,” or whether the charac-
ter of the transition is truly preserved. The transition density
analysis of Sec. IV B offers the ideal tool for that purpose.
Figure 9 shows iso-surface plots of the short-range CT transi-
tion densities obtained from LDA and GKLI in RT propaga-
tion. The picture shows a striking similarity between the LDA
and GKLI transition densities.

For a quantitative comparison, we further compiled the
values of k| and k; in Table IV. Comparing the GS HOMO
to LUMO transition from LDA with the corresponding GKLI
transition, one finds almost perfect agreement. This shows
that the GS LDA orbitals, i.e., their shape and energetic or-
dering, are not changed by the SIC procedure. We further find
that the «; criterion for the TD transition density of GKLI at
4.40 eV and the GKLI GS HOMO to LUMO transition indi-
cates as good an agreement as the corresponding x; in LDA.
In conclusion, the DMABN excitation energies are improved
by the GKLI SIC approach, while the good description of
the character of the transition that is reached with (semi)local
functionals is correctly preserved by TD GKLI.

Note that we did not include FOBO data in our discus-
sion as propagation with FOBO minimization at every instant
of time spoils the spectrum of DMABN. The problem that
arises in the FOBO propagation can be related to the fact that
FOBO localization is not necessarily energy minimizing. In
the case of DMABN, we observe energy fluctuations during
the propagation that are by at least a factor of two larger than
similar fluctuations in energy-minimizing or fixed phase fac-
tor propagation. Theses fluctuations can be related uniquely
to the influence of the FOBO minimization. They spuriously
drive the system and lead to artificial peaks in the spectrum.
As a side remark, we note that the combination of FOBO lo-
calization in the GS and fixed phase factors during the prop-
agation calculation gives a reasonable spectrum for DMABN
with peaks at 4.3 eV and 4.6 eV.

In contrast to the DMABN molecule, which is described
with moderate but acceptable accuracy by semi-local func-
tionals, the model dipeptide that is our final test case is a hall-
mark example for the serious CT failure of standard density
functionals. Polypeptides''? show transitions of interpeptide
CT character between 7.3 eV and 7.5 eV, and intrapeptide
excitations near 5.6 eV and 6.5 eV. In the dipeptide model
system of Refs. 69, 88, 105, 119, and 120, the calculated po-
sition of the CT state depends on the functional used. The
(semi)local functionals strongly underestimate the CT excita-
tion energy. B3LYP upshifts the CT states, but still leads to
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FIG. 10. LDA, GKLI, and FOBO spectra of the dipeptide model system with
LDA and GKLI CT transition densities (see text).

a notable underestimation with respect to the complete active
space with second-order perturbation theory (CASPT?2) ref-
erence values and experimental findings. CASPT?2 finds the
lowest CT state at 7.18 eV.%8

We calculated spectra of the model dipeptide
by RT propagation. The corresponding Fig. 10 clearly shows
that TD LDA yields a significant signal already from 5.1 eV
on, while the lowest excitation in the TD GKLI spectrum can
be found at about 5.36 eV and higher excitations differ largely
between the two approaches. It is of particular interest that a
noticeable feature appears around 7.2 eV in the GKLI spec-
trum. However, based on the LDA and GKLI spectra alone,
well founded characterizations of the excitations and con-
clusions about the description of CT states are not possible.
Therefore, we once again resort to analysis of the transition
densities.

We determined and examined the transition densities of
all peaks in the spectral range of interest of the LDA and
GKLI spectra according to Eq. (20). The transition density
corresponding to the first peak in the LDA spectrum that car-
ries notable oscillator strength is shown in Fig. 10. When
comparing the iso-surface plot of this TD LDA RT transition
density to the plots of occupied to unoccupied orbital transi-
tions between LDA GS orbitals, one finds that there is a close
similarity to the LDA HOMO-1 to LUMO transition. This
LDA transition corresponds to an excitation from the occu-
pied HOMO-1 that is mainly localized on one of the peptide
units to the unoccupied LUMO that is mainly localized on the
other peptide unit (see Fig. 11). Thus, it is of interpeptide CT
character.

However, the labeling of the orbitals as HOMO-1 and
LUMO depends on the functional used to determine the GS:
the order of HOMO and HOMO-1 changes if one goes from a
LDA to a GKLI calculation, and changes again when one goes
from GKLI to FOBO. In Fig. 11, we used the GKLI orbital or-
dering. Note that GKLI HOMO and LUMO have the same
spatial distribution as LDA HOMO-1 and LUMO. HOMO
and HOMO-1 eigenvalues are close in energy in the GSIC
calculations, and this explains why the ordering changes again
when going from GKLI to FOBO. Our assignment of which
transition is to be identified with the interpeptide CT excita-
tion is supported by the transition density comparison criteria
in Table V. For example, the criteria indicate close similarity
between the LDA 5.15 eV RT transition density and the LDA
GS HOMO-1 to LUMO transition, and there is no match with

89-91,121,123
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FIG. 11. HOMO to LUMO transition density in the dipeptide model system
calculated from the GKLI GS KS orbitals. This corresponds to a HOMO-1 to
LUMO transition in LDA and FOBO.

any of the other transition densities up to 7.4 eV. Furthermore,
the discussed transition can be identified with the lowest CT
transition of the CASPT?2 calculations®® based on the orbital
assignment. There is thus no doubt that the lowest CT tran-
sition of the dipeptide that we are interested in is found at
5.15 eV in the LDA spectrum'?? and corresponds to the GKLI
HOMO-LUMO transition.

Having thus identified the CT excitation and TD LDA’s
failure we now proceed to investigate how TD GKLI performs
in this case. To this end, we analyzed the RT transition densi-
ties of all excitations found in the GKLI RT propagation and
compared them to the GKLI HOMO-LUMO GS orbital tran-
sition density. Looking at the iso-surface plots shows that the
GKLI excitation that appears at 7.22 eV (see Fig. 10) is asso-
ciated with a transition density that is similar to the HOMO-
LUMO one. In an effort to make sure that we are not fooled
by just “visual similarity” we again evaluated the quantitative
comparison criteria «; and x,. Table V shows that only the
excitation at 7.22 eV yields significant overlap, i.e., high val-

TABLE V. Transition density comparison of the low lying dipeptide exci-
tations calculated from RT propagation and orbital to orbital transitions with
LDA, GKLI, and FOBO. We use the criteria x| and x» of Sec. IV B and
indicate the functional and the method of calculation as in Table 1.

Py P, K1 Ko (X 10_5)
GKLI GS H-L LDA GS H-1-L 0.9997 0.3021
GKLI GS H-L FOBO GS H-1-L 0.9997 0.3156
LDA TD 5.15eV LDA GS H-1-L 0.9212 0.1656
LDA TD 6.07 eV LDA GS H-1-L —0.8774 0.1124
LDA TD 6.55 eV LDA GS H-1-L 0.0213 0.8355
LDA TD 7.02 eV LDA GS H-1-L 0.1240 0.8304
LDA TD 7.38 eV LDA GS H-1-L —0.2598 0.0876
GKLITD 5.36 eV GKLI GS H-L 0.2290 0.3346
GKLITD 6.37 eV GKLIGS H-L —0.2045 1.2824
GKLI TD 6.95 eV GKLI GS H-L 0.6845 0.4200
GKLITD 7.22 eV GKLI GS H-L 0.7536 1.3437
GKLITD 7.53 eV GKLI GS H-L 0.4432 0.2456
GKLITD 7.22 eV LDA TD 5.15eV 0.7404 0.9516
FOBO TD 7.20 eV FOBO GS H-1-L —0.4218 2.4135
FOBO TD 7.40 eV FOBO GS H-1-L 0.9086 1.2322
GKLITD 7.22 eV FOBO TD 7.40 eV 0.9356 13.346
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ues, in both k| and k,. We can, therefore, truly identify the
TD GKLI peak at 7.22 eV with the CT excitation.

This finding bears at least two messages. First and most
importantly, it shows that TD GKLI can well describe even
“difficult” CT excitations: The TD GKLI excitation energy is
in very good agreement with the CASPT2 reference. Second,
we note that in the TD description the excitation is no longer
of a character that can purely be associated with a transition
between static orbitals: There is a clear correspondence be-
tween the dynamical TD GKLI transition density at 7.22 eV
and the GKLI GS HOMO-LUMO transition, but there are also
differences. The dynamical transition density of TD GKLI
shows more structure, and this finding is in line with our ex-
pectations about what TDDFT should do.

Finally, we again shortly assess the performance of ap-
proximations to the energy-minimizing TD GKLI scheme.
The FOBO spectrum is shifted by about 0.2 eV with respect to
the GKLI spectrum, yet qualitatively similar. For the FOBO
scheme, we find the CT excitation energy at 7.40 eV and
the calculations again support our assignment via the transi-
tion density comparison (see Table V): The FOBO transition
density clearly corresponds to the GKLI transition density at
7.22 eV as well as the CT transition density calculated from
static KS orbitals.

VI. CONCLUSIONS

In conclusion, we have presented a generalized SIC time-
dependent KS scheme using the TDGKLI approximation. In
the TD GKLI approach, a TD unitary transformation guaran-
tees for energy minimization at every instant of time. We fur-
ther discussed and tested several computationally less expen-
sive approximations. The numerical stability of the schemes
was investigated.

Our TD GSIC approach was tested for a range of
paradigm test systems that exhibit very different sorts of exci-
tations. First, we investigated model hydrogen chains. A reli-
able description of the static polarizabilities of these systems
is known to be related to the field-counteracting behavior of
the xc potential. In dynamical situations, we observed a simi-
lar field-counteracting trend of the TD GKLI potential at low
excitation frequencies. For higher frequency excitations the
response develops complicated structures. We showed that ap-
proximations to the TD GKLI do not necessarily show the
same positive features and the field-counteracting term is lost,
e.g., in the generalized Slater approximation. Of all the possi-
ble approximations that we tested the FOBO approach comes
closest to the energy-minimizing scheme.

Our further tests comprised small sodium clusters, hydro-
genated silicon clusters, short segments of polyacetylene, and
molecular charge-transfer systems. We showed that transition
densities can be a powerful tool for analyzing real-time cal-
culations. Our results demonstrate that Kohn-Sham TD GSIC
yields reliable results also for excitations for which standard
functionals fail badly, such as so-called excitonic excitations
and difficult CT situations. It is thus an attractive, parame-
ter free approach for predicting electronic excitations with
TDDFT.
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APPENDIX: STABILITY ANALYSIS OF THE
PROPAGATION SCHEME FOR Nas

The calculations presented in the main body of the pa-
per demonstrated that our RT SIC approach based on the
TDGKLI equation is numerically stable and efficient enough
to be a truly powerful tool for investigating the optical re-
sponse. Yet, in this Appendix we want to take a careful look
at propagation stability for a particularly malevolent system.
This is done with the aim of discussing a worst case scenario
which may be of little relevance for many practical applica-
tions, but which is studied here nevertheless for the sake of
completeness.

The small metal cluster Nas has developed a sort of his-
tory as a problematic system for propagation approaches.
When investigating propagation of the KS equations with the
TDKLI potential corresponding to the exact-exchange func-
tional it was found that the propagation was not stable for Nas,
and it was pointed out that the (TD)KLI potential violates the
zero-force theorem.”’ Stability problems were also discussed
for other approaches.®-%2 Yet, in some sense Nas appears as
a “pathological case” because for many other systems stan-
dard TDKLI calculations have been reported without men-
tioning problems.!%->%6465.124 However, as violation of the
zero-force theorem and corresponding energy-conservation
problems are in principle expected for any potential that is not
a functional derivative, stability problems may occur for po-
tentials that only approximate the true functional derivatives
OEP or GOEP, such as the KLI and GKLI approximations,
or model potentials.''®!?> The good news of this Appendix
is that although Nas continues to be a problematic case, all
GSIC propagation schemes greatly improve stability as com-
pared to the plain TDKLI scheme even for this system. This
may be attributed to the energy-minimization condition (14)
that is enforced at every time step.

As a first and serious’’ test, we propagated the Nas GS
without additional perturbation using different SIC versions
based on the regular TDKLI and our TDGKLI approximation.
In this case, during the time evolution all physical properties
should remain at their GS values. We observe in Fig. 12(a)
that already after about 30 fs, the KLI SIC total energy no-
tably deviates from the GS energy. The onset and size of this
KLI SIC instability is worse than the KLI instability observed
earlier for Nas with the EXX functional.’’

Great improvements are obtained with all GSIC propa-
gation schemes, and a time span of several tens of fs can be
safely covered. Yet, deviation from energy conservation oc-
curs at later times. Details of the time evolution and the onset
of propagation instability depend on the way how the unitary
transformation is treated during the time propagation.

J. Chem. Phys. 137, 064117 (2012)

For the question of stability it is worthwhile to first take
a close look at the GKLIP and explicit treatment of the mem-
ory contribution (GKLIP' mem) approximations. The fixed
phase factor approximation by construction should be cor-
rect for the GS propagation situation: It is designed such that
the xc potential should not change during propagation with-
out excitation. Moreover, we start from a GS that was cal-
culated quite accurately with the Pederson criterion guaran-
teed to be fulfilled below a threshold of 1 x 10~7 Ry. Thus
on the scale given by this threshold also the memory contri-
bution vanishes. This coincides with the finding that up to a
propagation time of about 200 fs no noticeable differences
between GKLIPf and GKLIP' mem occur. Yet after about 200
fs, the GKLIP calculation starts to show energy deviations. In
GKLIP mem, we observe a first drift of the total energy that
is larger than the energy scale set by the Pederson criterion
after about 300 fs. In both cases, if all the numerics were con-
ducted with perfect accuracy, no deviations from the GS en-
ergy should appear. Therefore, we understand the instability
of GKLIP' and GKLIPf mem as a delicate interplay between
unavoidable numerical inaccuracies and the GKLI potential
not being a functional derivative.

This interplay is crucial here because Nas is a very spe-
cial system in so far as the zero-force theorem is quite no-
ticeably violated already in the (G)KLI GS. Small deviations
from the GS potential, even if they are caused only by the
numerics, may result in spurious self-excitation. The GKLIP
mem propagation is more stable because the memory term
explicitly takes deviations of the Pederson criterion into ac-
count. This explanation of the occurrence of the propagation
instability is supported by the observation that choosing a
less stringent Pederson criterion threshold leads to earlier and
more pronounced instability onset in both cases.

The finding that even the “analytically ground-state tai-
lored” approximations show energy deviations after long
enough propagation indicates the delicate nature of the Nas
test and sets an upper limit for what can be expected from the
TD GKLI with numerical energy minimization. GKLI shows
first energy deviations on the order of Fig. 12 at around 150 fs.
Deviations on the order of 1 x 107% % can be detected after
about 75 fs. The calculation with FOBO localization at every
time step behaves similar to TD GKLI, but energy deviations
at later times are higher than in the GKLI case.

The second test is how the different approaches perform
after an initial momentum boost. As there are no further ex-
ternal perturbations after the boost the energy should remain
constant. Figure 12(b) shows the energy as a function of time
after a 1 x 107> eV boost excitation. For standard KLI SIC,
the energy starts to drift after 22 fs. In the energy-minimizing
TD GKLI calculations, the unitary optimization algorithm
needs to perform a couple of iterations per time step to find
the TD transformation. Therefore, also in GKLI the numerical
procedure is now more involved and one expects a greater im-
pact of associated numerical inaccuracies. Notable energy de-
viations can be observed from about 150 fs on and the GKLI
energy exhibits first deviations from the GS energy on the or-
der of 5 x 107 % at about 50 fs. The phase factor approxi-
mations are now no longer exact, but nevertheless somewhat
more stable. Similar to the earlier discussed systems with

Downloaded 14 Aug 2012 to 132.180.92.189. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



064117-15  D. Hofmann and S. Kimmel

KLI FOBO GRLI e ===

GKLI GKLIP!
0.008 (@ '
0.006 | ]
0.004 | 1
0.002 | L

0 F el

0.008 [®
0.006
0.004
0.002

energy deviation [%]

0.03
0.025
0.02
0.015
0.01
0.005

0 50 100 150 200 250 300
time [fs]

FIG. 12. Energy deviation AE = |E*P(¢) — E*PP(0)|/|E*PP(0)| of several xc
functional approximations during propagation of (a) the Nas GS, the Nas GS
after an initial boost excitation of (b) 1 x 107> eV, and of (c) 1 x 1072 eV.
The boost was oriented in x-, y-, and z-direction with equal distribution.

local excitations, they also for Nas provide a quite reliable de-
scription of the excitations, where the two lowest pronounced
excitation peaks are at 2.0 eV and 2.2 eV.

Figure 12(c) shows the situation after a 1 x 1072 eV
boost, i.e., a much stronger excitation. In this case, the drifts
are on a larger scale and also appear earlier than before. As a
boost of this magnitude results in sizable dynamical changes
of the electronic structure, deviations from the true potential
are more likely to occur and lead to more involved stability
problems. We note, in particular, that the energy-minimizing
GKLI total energy after some point in time drifts away with
a steeper slope. This indicates that if the propagation has lost
the path of stable energy evolution up to a certain extend, ef-
fects due to the zero-force theorem violation take over and
explicit energy minimization at each time step is no longer
able to support stability for the Nas system. Similar findings
hold for the TD scheme with FOBO localization.

In summary, our stability analysis has shown that the Nas
cluster is a difficult case for all propagation schemes. Even
schemes in which the unitary transformation is chosen analyt-
ically in such a way that it should lead to an exact propagation
show energy drifts after long propagation times. The accuracy
with which the Pederson criterion is numerically fulfilled has
a notable influence on the propagation stability. These find-
ings indicate that for systems that are as delicate as Nas al-
ready the accuracy with which the GS can be achieved plays
a role and the problem is thus to some extent independent
of the propagation scheme. However, it is a reassuring finding

J. Chem. Phys. 137, 064117 (2012)

that the TDGKLI schemes show much better stability than the
standard TDKLI scheme. As a general rule, we recommend
that whenever propagation schemes are used in combination
with orbital functionals and the TDKLI or TDGKLI approx-
imations, one should test for stability of the scheme and one
should be aware of that instabilities may result in spurious
spectral features. A recent suggestion for evaluating real-time
signals!?® may allow to reduce the necessary length of the
time evolution below the 40 fs that we aimed at so far.
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ABSTRACT

We investigate the static and dynamic charge transfer that is triggered by external electric
fields in model molecular wires. A self-interaction correction in Kohn-Sham density func-
tional theory leads to the desired integer electron transfers that do not occur with standard
functionals which miss Coulomb blockade effects. Analysis of the multiplicative exchange-
correlation potential in stationary cases and during real-time propagation shows how the
local exchange-correlation potential builds up step and reverse-step structures that enforce
the integer particle preference. The role of spin-symmetry breaking is discussed.
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The large error that “standard density functionals”
such as the local density approximation, generalized gra-
dient approximations, and regular hybrids show for long-
range charge-transfer (CT) problems has been one of
the most serious and most limiting deficiencies of (time-
dependent) density functional theory ((TD)DFT). The
fact that standard functionals seriously overestimate CT
has long been known [1-5], and the CT problem shows
up in many guises. Yet, the various manifestations of
TDDFT’s CT problem typically fall into one of two im-
portant areas. The first one is the calculation of CT
excitations that are part of linear response absorption
spectra. Great progress has been made in this field in
recent years [6]. The second is the area of quantum
transport and molecular electronics. In the latter field
the performance of (TD)DFT in practice is still debated.
DFT has frequently been combined with non-equilibrium
Green’s function theory for calculating transport charac-
teristics. However, it has been argued that this approach
can be severely in error [3-5, 7, 8] due to the limited in-
terpretability of DFT eigenvalues. The latter is due to
the self-interaction error [3, 4, 7] and the lack of a deriva-
tive discontinuity [9, 10] in standard density functionals
[3, 5, 7, 8.

Therefore, alternative schemes have been proposed
that aim at exploiting the power of real-time propagation
methods [11, 12]. These works have shown the conceptual
strengths of approaching the conductance CT problem in
real space and real time by devising ways of how leads
can be modeled. With the open system quantum prob-
lem set up in such a way that real-time propagation in
the central molecular region has a solid theoretical basis
[11], the molecular conductance problem of TDDFT has
been reduced to finding exchange-correlation (xc) func-
tional approximations that incorporate the physics that
is decisive for this type of CT.

This is still a very considerable challenge, as there is
a huge and even qualitative gap between the transport
characteristics that standard functionals deliver, and the
characteristics that are found in reality. With the present
work we take a step towards closing this gap. We demon-

strate that a Kohn-Sham (KS) self-interaction correction
(SIC) not only remedies the large overestimation of the
response that is obtained with (semi)local functionals,
but can also enforce the principle of integer preference in
CT. Integer preference can be seen in relation to Coulomb
blockade [13] and has long been considered a correlation
phenomenon that would be beyond the abilities of readily
applicable functionals. By analyzing the local KS poten-
tial, we can pinpoint step and reverse-step structures in
the xc potential that are crucial for enforcing the inte-
ger preference. The results not only encourage the use of
KS SIC. They stress the important role of spin-symmetry
breaking and provide guiding insights for the further de-
velopment of functionals that should yield reliable trans-
port characteristics.

Due to the decisive role that self-interaction and
the derivative discontinuity play in the conductance
problem, it is a close lying idea to employ the
SIC of Ref. [1] for studying the CT question. By
its very definition, ESIC[ny,n)] = E%P[ng,n] —
Do=tl Zjvz"l [Eu [njo] + EZEP [nje,0]], ie., by subtract-
ing Hartree energy Ey and xc energy E2PP contributions
for all occupied orbital densities nj,(r) = |¢jo (r)|* from
a given xc approximation, the SIC energy is one-electron
self-interaction free and incorporates a derivative discon-
tinuity. Using recently developed ground-state [14] and
TD KS SIC schemes [15] we can employ the SIC as a KS
functional with one multiplicative potential. Thus, we
can study the potential structure that develops during
electron transfers in real space and real time, allowing to
gain insight into the functioning of KS theory.

We use real-valued ground-state KS orbitals, but for
the reasons explained in [15, 16] the energy minimizing
orbitals, TD KS orbitals, and orbital transformations are
complex and we use SIC only in combination with the lo-
cal spin density approximation (LSDA). All calculations
were done with the Bayreuth version [17] of the PAR-
SEC real-space program package [18], with parameters
chosen in analogy to Ref. [15]. Our SIC studies use the
Generalized Optimized Effective Potential (GOEP) and
the Generalized Krieger-Lee-Iafrate (GKLI) approxima-
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FIG. 1. (Color online) Upper panel: Charge on the left (ac-
ceptor, A) hydrogen chain as a function of an external electric
field that is applied to the model CT system of H atoms de-
picted in the inset. Triangles represent LSDA, crosses GKLI-
SIC results. In each case, the charge on A is obtained by in-
tegration of the density in the left half space of our real-space
grid. The two lower panels show the up-spin vy, of GKLI-
SIC along the x-axis for three field strengths before (left) and
after (right) the first electron jump. The six field strengths
are indicated by vertical lines in the upper panel. Observe
how vy first builds a pronounced step that works against the
electron transfer to A, and then a reverse step that ensures
that the electron stays on A.

tion (GKLI-SIC) [14, 15] to the GOEP.

Hydrogen chains have frequently served as model sys-
tems that provide tough challenges in terms of a cor-
rect description of the CT physics while being technically
transparent. We here use the setup [4] that is depicted
in the upper part of Fig. 1. Two hydrogen chains, both
containing eight H atoms separated by 1 A, are aligned
along the z-axis with a separation of 8 A. We apply an
electric field along the z-axis and monitor how charge is
transferred from the right H chain (donor, D) to the left
H chain (acceptor, A) depending on the field strength.
As the distance between the H chains is large, the inter-
chain coupling is small and physical electron transfer oc-
curs by integer electron jumps [4]. Thus, up to a certain
field strength no charge flow should take place. As soon
as the field exceeds a specific strength, one electron, i.e.,
one (integer) unit of e should jump from D to A and re-
main there unless the field strength is reduced. Increasing
the field strength further, further integer electron jumps
should occur.

However, the CT that one obtains from standard func-
tionals as exemplified by LSDA (triangles in the upper
panel of Fig. 1) is completely different and qualitatively
wrong [4]. In LSDA, fractional CT occurs from a field
strength of 1.5 x 10° V/m on. With increasing field

strength there is a gradual transfer of charge to A un-
til one unit of e has been transferred at a field strength
of 4.0 x 10° V/m. Further increasing the field strength
leads to further gradual CT until the electron number
on A reaches a short plateau at a field strength of about
6.5x 10 V/m which indicates the second transferred unit
of e. Using a hybrid functional, the plateaus are broader,
but overall one obtains a similarly wrong CT picture [4].

The picture changes completely as one goes from LSDA
to SIC. Straightforward SIC of the LSDA functional
within the KS framework is sufficient to recover the de-
cisive physical principle of integer preference in CT. In
the GKLI-SIC data (crosses in the upper panel of Fig. 1)
one observes only integer numbers of electrons on the H
chains with electron jumps occurring at field strengths of
about 2.5 x 10° V/m and 5.7 x 10° V/m. We also per-
formed full GOEP calculations up to 3.5x10° V/m. They
yield the same results as GKLI, i.e., the GKLI approxi-
mation is well justified. The electron jumps in GKLI-SIC
occur at about the same field strengths at which half of
an electron is transferred from D to A in LSDA.

Further insight into how the different xc approxima-
tions realize the CT can be gained by analyzing the cal-
culations in detail. Restricting the occupation numbers
of the KS scheme to integers leads to non-convergent cal-
culations for LSDA. The self-consistent LSDA iterations
converged only when fractional occupation numbers were
allowed, and the converged calculations then showed frac-
tional charges on each of the Hg subunits. In the gener-
alized SIC scheme, however, integer occupation numbers
are natural as the unitary transformation that connects
KS orbitals and energy minimizing orbitals is intrinsi-
cally defined only for integer occupations [19], and the
integer occupation calculations converge.

Looking at the situation in which the electrons are ini-
tially equally distributed over D and A and in which spin
is treated explicitly, there are in principle four possibili-
ties for realizing a single integer electron jump: (i) one D
spin-up (71) electron jumps to A 7, (ii) one D spin-down
(J) electron jumps to A |, (iii) one D 1 electron transfers
to the | channel of A, and (iv) one D | electron transfers
to the 1 channel of A. Out of these four possible real-
izations, (i) and (ii) are analogous with respect to vy
features and so are (iii) and (iv). Therefore, it suffices to
discuss explicitly only one of each class. One may argue
that cases (iii) and (iv) are unphysical as the transfer-
ring electric field can hardly induce a spin-flip. Yet, we
deliberately discuss this situation because it contributes
to revealing how the SIC describes CT.

Our calculations show that all four realizations in
GKLI-SIC give the same total energy, and the electron
jumps occur at the same field strengths. Also, the two
different CT scenarios both lead to a weak aufbau princi-
ple violation [22]: Although the aufbau principle is guar-
anteed within both spin channels separately, one electron
should be transferred between the spin channels to fulfill



the aufbau principle in the entire system. In other words,
there is an unoccupied KS eigenstate in one of the spin
channels that is lower in energy than the highest occu-
pied orbital of the other spin channel. In this way, one
type of realization “points back” to the other one, and
vice versa. This reflects that physically the transfer of
one T electron is as likely as the one of one | electron.
The situation is thus reminiscent of the “static correla-
tion” situations that are notoriously difficult for DFT.
Yet, GKLI-SIC successfully realizes a one-electron CT
by breaking the spin symmetry. The important observa-
tion is that the spin-symmetry breaking here occurs in a
system with a considerable number of electrons (not just
two) and that it is systematic: When we average over (i)
and (ii), or (iii) and (iv), or all four possible realizations —
which are energetically degenerate — then there remains
no spin-polarization. Thus, KS SIC yields the physically
correct picture. We therefore argue that spin-symmetry
breaking [20, 21] can be seen as a powerful feature of KS
theory, not a bug.

How exactly KS theory with its multiplicative, local
potential realizes the integer CT is an important ques-
tion. The two lower panels of Fig. 1 depict the GKLI-SIC
xc potential of the spin-up channel in which the electron
jump occurs (i.e., realization (i)) for three external fields
of increasing strength before (left) and after (right) the
electron jump. As the field increases, a step structure of
increasing height builds up in between the two H chains,
together with a relative shift of the potential between
D and A sides (lower left panel). With these features
the SIC xc potential works against a spurious fractional
CT. After the field has become so strong that an electron
transfers from D to A, another important feature man-
ifests: a reverse step and potential shift appear, keep-
ing the newly arrived electron on A (lower right panel).
With a further increase of the external field these fea-
tures become less pronounced, “making room” for the
next electron transfer.

Figure 2 extends the picture by showing and comparing
both spin channels for a larger range of external fields and
for the different realizations that were discussed above.
Part (a) shows the realization in which both spin channels
contain eight electrons throughout, i.e., this is the type of
situation that we just looked at in the lower half of Fig.
1. As just discussed, with increasing external field the
potential on the A side is shifted upwards with respect
to the potential on the D side and a step appears in
Uxe. As long as no electron transfer has occurred both
spin channels are the same. But as the external field
goes beyond 2.5 x 10° V/m, spin symmetry breaks as
one electron transfers in one of the spin channels. For
the sake of this discussion and consistent with Fig. 1 we
assume that the transferred electron has up-spin. Then,
the up-spin xc potential (left part of Fig. 2 (a)) builds up
the reverse step that we already discussed in the lower
right panel of Fig. 1, and the right part of Fig. 2 (a)
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FIG. 2. (Color online) Panel (a) depicts the GKLI-SIC xc
potential along the x-axis for external fields of strengths from
2.0 x 10° V/m to 7.0 x 10° V/m. The up-spin vg is shown
in the left two figures and the down-spin one in the right
two figures. Both spin channels contain eight electrons. Step
structures develop in wvx. of different spin channels and at
different field strengths (see discussion in the main text). Part
(b) depicts xc potentials similar to (a), but for the situation
that after the first electron jump nine electrons are in the
spin-down and seven in the spin-up channel. Panel (c) shows
vxe of LSDA, which is identical for both spin channels and
shows no step structures.

shows that the step simply vanishes in the down-spin
potential. As the external field is further increased the
step in the up-spin vy, decreases as discussed in Fig. 1,
but a new step rises in the spin-down channel. This new
step counteracts the second electron transfer, until finally
a spin-down electron is transferred to A. After this second
transfer, we observe a step in both spin channels that
supports both electrons to stay on A.

Fig. 2 (b) depicts the GKLI-SIC xc potential for the
situation that after the first electron jump nine electrons
are in the spin-down and seven in the spin-up channel,
i.e., number (iii) of the four realizations that were dis-
cussed above. In this case, the electron changes spin
assignment when it hops from D to A and one more elec-
tron of each spin channel is on A than on D after the first
electron jump. Therefore, the reverse step discussed in
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FIG. 3. (a) Change of charge AQ of the acceptor (A), the
donor (D), and the sum of A and D during time propagation
using the GKLI-SIC and LSDA potentials and an external
field of 8.0 x 10? V/m (see text). (b) Snapshots of the TD vy
taken at different times. Left: GKLI-SIC. Right: LSDA. The
small insets in each case enlarge the xc potential in between
the two chains. See main text.

the previous situation builds up in both spin channels to
counteract back-transfer of the electron, but is less pro-
nounced. These steps decrease as the field strength in-
creases further, and new steps counteracting the second
electron jump gradually emerge in vy of spin up and
down. With the second electron jump, the symmetric
distribution of eight electrons per spin channel is recov-
ered and steps in both spin channels keep the electrons
on A.

Fig. 2 (c) demonstrates that the step structures are
missing completely in vy of the LSDA functional. This
explains why the LSDA leads to a gradual transfer of
charge instead of realistic integer electron jumps.

Finally, we investigate the CT behavior of our model
system time-dependently. To this end, we apply an ex-
ternal field in dipole approximation along the z-axis and
increase the field strength linearly within the first two fs
of the propagation from zero to 8.0 x 10° V/m and then
keep it constant. As part of the density may be accel-
erated to the boundary of our grid, we use an absorbing
boundary to prevent this density from being spuriously
reflected back to the system. Figure 3 (a) reveals notable
differences between LSDA and GKLI-SIC already at the
early stages of the time evolution: In LSDA, almost from
the start a notable fraction of charge transfers from D to
A. In addition we observe ionization of the system at
later times as fractions of the density arrive at the left
boundary. GKLI-SIC shows a different behavior, as the
integrated charges differ only slightly from their initial

values [23]. This behavior may again be understood in
terms of vy structures. Figure 3 (b) shows snapshots of
the TD xc potential. In analogy to the previously dis-
cussed figures, for GKLI-SIC a TD step that counteracts
spurious CT emerges between the chains, here now as a
function of time. Similar steps occur at the outer system
boundaries and prevent the system from being ionized.
The LSDA wv,. misses such structures. Instead, the po-
tential barrier decreases when charge moves so that CT is
too easy and spurious ionization occurs. Observing trans-
fer of an integer charge is not possible with the present
setup in either case, as the absorbing boundary changes
the norm of the density and we thus observe not only
effects of the transfer, but also effects of the boundary.
Schemes such as the one of Ref. [11] can overcome this
hurdle. Yet, our setup here already shows that also in a
truly TD simulation the KS SIC approach cures deficien-
cies that standard functionals have with respect to the
type of CT that is relevant for transport scenarios.

In conclusion, we investigated static and dynamic CT
and found that KS SIC enforces the important principle
of integer preference in CT. We discussed the role of spin-
symmetry breaking and analyzed the local xc potential.
The interplay of step structures and reverse-step struc-
tures appearing in turn in the different spin channels is
decisive for enforcing integer CT. These insights not only
let KS SIC appear as a readily applicable, parameter-free
functional that cures decisive transport deficiencies, but
they may also serve as guiding lines in the further de-
velopment of functionals. TDDFT using real-time tech-
niques is thus a promising route for an accurate first-
principles description of transport phenomena.
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