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Preface

The year 2004 was a remarkable one for the growing field of time-dependent
density functional theory (TDDFT). Not only did we celebrate the 40th an-
niversary of the Hohenberg-Kohn paper, which had laid the foundation for
ground-state density functional theory (DFT), but it was also the 20th an-
niversary of the work by Runge and Gross, establishing a firm footing for the
time-dependent theory. Because the field has grown to such prominence, and
has spread to so many areas of science (from materials to blOCheHllStI“Vl, we
feel that a volume dedicated to TDDFT is most timely. RN

TDDFT is based on a set of ideas and theorems quite distinct from those
governing ground-state DFT, but employing similar techniques. It is far more
than just applying ground-state DFT to time-dependent problems, as it in-
volves its own exact theorems and new and different density functionals.
Presently, the most popular application is the extraction of electronic excited-
state properties, especially transition frequencies. By applying TDDFT after
the ground state of a molecule has been found, we can explore and understand
the complexity of its spectrum, thus providing much more information about
the species. TDDFT has a especially strong impact in the photochemistry of
biological molecules, where the molecules are too large to be handled by tra-
ditional quantum chemical methods, and are too complex to be understood
with simple empirical frontier orbital theory.

Today, the use of TDDFT is continuously growing in all areas where in-
teractions are important, but direct solution of the Schrodinger equation is
too demanding. New and exciting applications are beginning to emerge, from
ground-state energies extracted from TDDFT to transport through single
molecules, to high-intensity laser and nonequilibrium phenomena, to nona-
diabatic excited-state dynamics, to low-energy electron scattering. In each
case, the present approximations were applied, and found to work well for
some properties, but occasionally fail for others. Thus the search for more
accurate, reliable approximations will continue, and over time, should attain
the same maturity as present ground-state DFT.
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So, whether you're a physicist calculating optical absorption of a metal
cluster, or a chemist trying to determine the HOMO and LUMO for a chro-
mophore, we hope you'll try TDDFT, and be pleasantly surprised at the
usefulness of the results. And may the force (or at least, a good functional)
be with you.

The Editors
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This book is not the usual compendium of independent research articles that
results from having many contributors. We, the editors, share a common aim
of providing an accessible introduction to the subject, a comprehesive review
of today’s applications of TDDFT, and a survey of some of the most recent
work. We have worked hard to do this, and so have the many contributors.
Among many other things, there is a common notation and set of abbre-
viations (see front pages) and a single, comprehensive set of referenceg (see
index). e o

We hope this volume will be useful to a variety of audiences, who can use
the book in many different ways. We imagine the following:

Students. In editing this book, we assumed a basic familiarity with the con-
cepts and applications of ground-state DF'T. For the student wholly new to
DFT, we strongly recommend the book, A Primer in DFT [Fiolhais 2003],
as background reading before this one.

Ezxperienced Users of Ground-State DFT. For these researchers, we hope this
book shows how TDDFT goes beyond the ground state, and provides both
the conceptual framework and many examples of applications and implemen-
tations.

Users of TDDFT. The book provides the conceptual underpinnings of the
formal theory and a survery of implementations and applications. For exam-
ple, those solving the Casida linear response equations might be interested
in the various real-time methodologies, and vice versa.

Developers of TDDFT. The book shows the broad scope of present-day appli-
cations, and gives a reference for many of the developments up to the current
time, and also includes novel applications.

This volume is composed of a general introduction to TDDFT (Basics),
followed by 32 refereed contributions divided in six parts. In the following we
give a brief overview of these contributions and try to place them in a more
general context. .

Basics. The first chapter is a brief introduction to the entire subject of
TDDFT, and should really be read by anyone using this book. It is simple
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and straightforward and explains how TDDFT works, including the original
proof of Runge and Gross.

Formal Theory. The first part of the book deals with formal theory. This is
a collection of chapters on general topics within TDDFT, either fleshing out
some of the more esoteric consequences of the theory or generalizing it in
some way or another. We start by adding to the original theorem, especially
discussing the action functional and the Keldysh formalism as a very natural
and useful description of the exact quantum mechanics of many-body systems
under time-dependent perturbations, which can then be related to TDDFT.
Next the difficult problem of initial-state dependence and its relation to mem-
ory in TDDFT is addressed. We then provide the motivation behind some-
times preferring time-dependent current DFT to TDDFT in Chap. 5. There
are several cases throughout the book, e.g., for the description of transport
or for the calculation of optical response of solids, where this change of vari-
ables makes for better approximations. Then we move to Chap. 6, where the
first steps towards a theory including both nuclei and electrons on the same
footing are given, which is extremely important for, e.g., photodissociation.
We conclude this section with Chap. 7, which applies the language of sec-
ond harmonic response, including super-operators and generalized response
functions, to TDDFT.

Approzimate Functionals. The heart of every practical DFT treatment of
matter is the approximation for the xc functionals. As the theory is exact in
principle, the quality of the results depends on the quality of the functional
used.

Any ground-state functional yields an adiabatic approximation for use
in TDDFT, and most calculations today are performed with such function-
als. But many groups are searching for approximations that go beyond this,
i.e., functionals with memory. In this context, we show a geometric approach
based on ALDA that produces the time-dependent deformation approxima-
tion. Then, from a completely different starting point, we consider orbital-
dependent functionals, and so we begin with exact exchange and then move
to non-universal functional approximations to the kernel based on a corre-
spondence with many-body perturbation theory. Lastly, Chap. 11 reviews the
exact conditions of DFT and TDDFT, which should prove useful in guiding
construction of approximations or testing them.

Numerical Aspects. For anyone considering performing a TDDFT calculation,
there is always the choice of the numerical implementation. For strong fields,
one needs to solve the time-dependent Schrodinger equation in real time. If
only the optical response is needed, one can choose between real time or fre-
quency space. This is ontop of the choice of basis sets, which can be loosely
divided into real-space grids, localized basis functions, or planewaves for pe-
riodic codes. Chapter 12 surveys real-time methods for the time-dependent
Schrédinger equation, and what happens when they are applied to the time-
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dependent Kohn-Sham equations. Then we present the intricacies of the lin-
ear response formalism in a basis set, and in Chap. 14 we dleuSS molecular
dynamics in a TDDFT excited state. We end this Part with a comparison of
time- versus frequency-space techniques.

Applications: Linear Response. This is our largest part, demonstrating the
huge variety of systems that linear response TDDFT has been applied to.
The highly interesting and particularly difficult case of open-shell molecules
is discussed in Chap. 16. There have been many applications to clusters, as
described in Chap. 17, and to semiconductor nanostructures, using current
density functionals, as discussed in Chap. 18. Progress for extended systems
has been more challenging, as local and semilocal density functionals fail in
the thermodynamic limit (although current-density and orbital functionals
do not). This general feature is discussed in Chapters 19 and 20. This basic
difficulty also appears in the polarizability of conjugated polymers, and it is
analysed in the following chapter.

The bulk of the applications so far have been to molecules, especially
those of biological significance. Chapter 22 discuss in detail how TDDF can
be combined with biochemical methods to extract information on biological
chromophores, while Chap. 23 gives a broad survey of these applications.

Applications: Beyond Linear Response. Another area where TDDFT promises
to have major impact is in the rapidly-growing field of atoms and molecules
in strong laser fields. With the advent of attosecond pulses, there is great de-
mand for efficient methods of solution of the full time-dependent Schrédinger
equation. An overview is given in the opening chapter. While some impressive
progress has been made here, difficulties abound, such as the calculation of
multiple ionization probabilities. Non-linear phenomena in clusters are dis-
cussed in Chap. 26. This part closes with a chapter on excited-state dynamics
in solids.

New Frontiers. The last part of this volume deals with some recent novel
applications of TDDFT. The first three chapters discuss how to use linear-
response TDDFT to tackle problems that are difficult for ground-state DFT.
For example, these include correct dissociation of molecules, and the inclu-
sion of van der Waals forces between fragments of matter. These ideas are
first tested in the simplest possible case, the uniform gas in Chap. 28. Then
Chap. 29 shows how to find the exchange-correlation potential from such cal-
culations, and how it leads to improved band-gaps for solids. Finally, Chap. 30
provides a detailed survey of how this formalism produces van der Waals in-
teractions and results for weakly interacting slabs.

The next two chapters deal with the modern problem of how to calculate
the transport characteristics of an atomic-sized transistor, such as a single
molecule. Two different formalisms are presented, both going beyond the
treatment common in present-day calculations. The first one starts from a
Master equation for the electrons coupled to the phonons, instead of the
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pure time-dependent Schrodinger equation. The second one uses the Keldysh
formalism described in Chap. 3 to produce a purely (time-dependent) elec-
tronic approach to the problem.

Our ultimate chapter focusses on a problem that Gross had in mind when
formulating modern TDDFT, namely that of scattering. Linear-response TD-
DFT is shown to yield information on continuum states as well as bound ones,
including elastic scattering of electrons from atoms and molecules.

We expect that these and other new developments will bear fruit over the
next several years.

v’
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AA
ACFD
ALDA
AMED
ATD
ATI
B3LYP

BP86
BPG
BSE
BTE

CEDA
CEO
CIS
CN
CREI
CVD
DFT
DODS
EM
ETRS
EXX
FWHM
GGA
GGG
GK

Adiabatic approximation

Adiabatic-connection and fluctuation-dissipation
Adiabatic local density approximation (see TDLDA)
Average magitude of energy denominators
Above-threshold dissociation

Above-threshold ionization

Becke’s three-parameter hybrid with Lee, Yang, and‘f‘
Parr correlation

Becke and Perdew 1986

Burke, Petersilka, and Gross
Bethe-Salpeter equation

Boltzmann transport equation
Correlation

Common energy denominator approximation
Collective electronic oscillator
Configuration Interaction Singles
Crank and Nicholson

Charge Resonance Enhanced Ionization
Chemical vapor deposition

Density functional theory

Different Orbitals for Different Spins
Exponential midpoint

Enforced time-reversal symmetry
Exact exchange

Full width at half maximum
Generalized gradient approximation
Gonze, Ghosez, and Godby .

Gross and Kohn



